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1. Introduction

The world we live in today is facing severe threats. Climate change, overuse of
natural resources, loss of biodiversity and littering of the environment are all
caused by human actions. The situation has been noted and policy directives
have been deployed in terms of single-use plastics1 and targets to reduce CO2

emissions.2 When combined with increasing awareness of the effects of energy,
water, food and goods consumption on the environment and discussions around
the circular economy, the targets already set are the first steps towards a sus-
tainable and hopefully brighter future.3-5

  Due to the above drivers, industry has been challenged to change the current
status quo. Extensive research and development on sustainable materials and
products are in focus. Cellulose, among other natural biopolymers that are re-
newable and abundant, is a source of new materials. Wood-based cellulose fi-
bres have been used for centuries in papermaking, and new opportunities for
cellulose-based materials have emerged. The special properties of a cellulose fi-
bre and the need to replace disposable plastics are some of the key motivations
of this thesis.

The requirements for new materials are demanding. They should be renewa-
ble, biodegradable and recyclable combined with high performance, for in-
stance, to achieve functions with low amounts of raw material. Especially mate-
rials for filtration, insulation and packaging are desired to be lightweight and
still possess the high strength and functionality. Cellulose fibres are an excellent
alternative to synthetic polymers because of their low weight and high strength.
Cellulose fibres also have a natural tendency to form joints through inter-fibre
bonding during fibre web forming. Fibre surface properties can be easily modi-
fied by mechanical fibrillation and chemical treatments to enhance the bonding
behaviour with other fibres or within the material matrix. However, cellulose
fibres have some drawbacks, such as the inherent stiffness of cellulose that lim-
its the achievable material extensibility (stretch).
   In conventional wet laying processes of paper and board making, water is used
as a carrier of cellulose fibres. During dewatering and drying, the water removal
pulls the fibres together due to capillary forces, and the large surface area of
fibres and structural pores collapse. This increases the fibre web density and
strength. To produce materials of low density, water needs to be replaced with
a medium that maintains fibre separation and keeps the solids evenly dispersed
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during water removal, and before drying. Foams and other forms of lightweight
materials (aerogels, cryogels and xerogels) are common examples of these kinds
of low-density structures.
   In foams, the air bubbles and surfactant play an important role in material
structuring 6, while cryogels and aerogels are made with freeze-drying and crit-
ical point drying, respectively.7,8 Cellulose-based cryo- and aerogel structures
have been mainly made from nano- and micro fibrillated celluloses.9-12 These
individualized cellulose fibrils form a gel-like material with a connected fibril
network in an aqueous environment at low solid contents.13 A porous cryogel is
formed when the water between the fibrils is rapidly frozen and directly subli-
mated so that fibril agglomeration and structure collapse is avoided. In aerogels,
the water is replaced with a polar solvent, which is then replaced with a super-
critical fluid and turned into gas so that the open and porous sample structure
remains.
   Foams can be used for structuring materials consisting of individual cellulose
fibrils but also macro-scale cellulose fibres. In fibre foams, fibres (or fibrils) are
mixed together with water and a surface-active agent (a surfactant). The foam
is created by applying air into the system by mixing. During mixing the fibres
get arranged around the foam air bubbles and a self-standing porous fibre struc-
ture is produced after the water is removed by drainage and thermal drying.
Manufacturing of extremely bulky, porous and lightweight materials becomes
possible as the material density can be set to a new level by adjusting the foam
stability and water removal.6

   The possibilities of foam in fibre web preparation was introduced for the first
time in the 1960s by Bronislaw Radvan.14-18 Since the early 2000s, foam-assisted
forming has emerged again as a research topic to widen the possibilities of using
different raw materials, increasing forming consistency and reducing material
density.19-21 Challenging raw materials, like long textile fibres or nanosized par-
ticles, can be homogeneously mixed in aqueous foams. The outstanding for-
mation (i.e. homogeneity) of fibre webs provided by foam forming is due to the
dispersion between fibres and bubbles that form a special network structure.
   Even though foam forming was invented decades ago, a deeper understanding
of the fundamentals of foam-fibre systems, including bubble-fibre and also fi-
bre–fibre interaction, and their relation to dry material properties is needed.
New raw materials, from man-made cellulose fibres to biobased surfactants and
strength additives, combined with low density structures challenge the common
understanding of paper production. The high porosity and the large surface-
area materials provide interesting opportunities for new material applications,
for example for filtration, water purification, heat and energy transfer, thermal
and sound insulation, packaging and construction.  In this thesis, we dive
deeper into the wet fibre surface properties and the chemistry of fibre-foams.
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2. Aim of the thesis

  The aim of the thesis is to reveal the role of physical-chemical interactions
that take place in aqueous foams, between wet fibre surfaces and air bubbles in
the presence of surfactants, electrolytes and cellulose fibrils. The adsorption of
polymers and surfactants on cellulosic fibres is expected to have a great effect
on the nature of the fibre-fibre contact area, thus affecting the density and
strength of the resulting fibre network structures. As a result, both the structural
details and physical-mechanical properties (bond strength and deformation be-
haviour) of the foam-formed materials were studied. In particular, the thesis
evaluates how fibre surface chemistry and surfactant type affect the fibre distri-
bution in foam-formed 3D fibre material and their resulting mechanical perfor-
mance.

Working hypotheses

(i) Surface tension forces and the gel-like nature of the system play a cen-
tral role in bringing cellulosic surfaces together, as the solids content
increases. The hydrated fibrils are subjected to molecular inter-diffu-
sion across the interface between fibre surfaces, especially during the
consolidation of fibre networks. Such phenomena affect the final net-
work properties.

(ii) An air bubble attaches to a hydrophobic domain on the cellulose fibre
surface. Such domains may include either hydrophobic chemical com-
ponents or trapped air (nanobubbles). The resulting interaction can be
altered by affecting the surface and interphase chemistry of the system.

(iii) The strength of bubble–fibre interaction influences the fibre-foam be-
haviour during forming and drainage and thus the structure and
strength of the final dry material.

To verify the hypotheses, the following research questions were set:

 Q1: Can gentle drying with solvents or critical point liquid prevent cellu-
lose fibril collapse during drying? Paper I

 Q2: The surface of wet fibres – does it actually behave like a gel? Paper
II

 Q3: Can the addition of gel-like fibrils to fibre suspension be used for
controlling inter-fibre bonding and strength of fibre structures? Paper
III
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 Q4: What is the effect of hydrophobicity on bubble adhesion to cellulose
in the presence of anionic surfactant? Paper IV

 Q5: What is the effect of nanoscale roughness (and entrapped air) and
fibre chemistry and morphology on bubble–fibre interaction? Paper V

 Q6: How does fibre hydrophobicity and surfactant type affect the fibre
foam behaviour and the final properties of foam-formed fibre material?
Paper VI

Figure 1 shows the connection between the research questions and the re-
lated papers. Firstly, the appearance of fibre surfaces was investigated with a
helium ion microscope (Papers I and II). Our aim was to remove the water
from the fibre network without collapsing the surface fibril structure and to ob-
serve the fibre surface in the wet state (Q1). Then we compared fibre surface
fibrils and cellulose-fibril material to show the possible gel-like structure of fibre
surfaces (Q2) and evaluated the contribution of gel-like surface material on in-
ter fibre bonding in water-laid sheets (Paper III, Q3).  Secondly, we studied
the interaction between bubbles and fibres in a stage-wise approach where the
complexity of the system was gradually increased (Papers IV and V, Q4 and
Q5). Thirdly, the connection between fibre surface properties and fibre–fibre
interaction, as well as the relationship between bubble–fibre interactions, foam
behaviour and dry structure, were all evaluated by preparing foam-laid materi-
als (Paper VI, Q6). The gained knowledge can be translated into the design
and development of new sustainable cellulose-based materials and products
that simultaneously display low weight and high performance.
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Figure 1. Structure of the dissertation and the connections between Papers I – VI.
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3. Background

3.1 Characteristics of wet fibre surfaces

3.1.1 Structural aspects of cellulose fibres and fibrils

   Cellulose fibres used in papermaking are extracted from wood using different
digestion and fractionation processes. Fibre properties differ between wood
species and pulping treatments. Even within a single tree each fibre is unique,
causing large variations in the properties of fibres in wood pulp, including fibre
length, strength, coarseness, fibril angle, specific surface area and chemical
composition. For example, untreated European softwood (pine and spruce) fi-
bres are relatively long (approximately 3.5 mm) while hardwood (birch, aspen)
fibres are clearly shorter (approximately 1 mm). Birch has a higher amount of
hemicelluloses (37%) and less lignin (20%) when compared to pine and spruce
(27% and 27%, respectively). The amounts of cellulose and extractives are sim-
ilar (40% and 3%, respectively). After pulping treatments, the fibre length and
width are reduced. For example, kraft softwood pulp fibres are approximately 2
mm long and hardwood fibres below 1mm, and some of the lignin may be re-
moved (depending on the treatment).22

   Pulping processes can be chemical or mechanical. In chemical pulping, lignin
is dissolved from wood chips and the fibres are separated by chemical means,
such as alkaline treatment. Mechanical pulping mainly involves mechanical
treatments (groundwood) for fibre separation. Heat (thermo-mechanical pulp,
TMP) or mild chemical treatment (chemithermo-mechanical pulp), CTMP) can
also be applied. Due to the removal of lignin, chemical pulp fibres have lower
coarseness, are curlier and more flexible than mechanical pulp fibres, which has
a significant effect on the fibre-web performance.

  Fibres are composed of cellulose microfibrils organised in a complex lamellar
structure (Figure 2a). In untreated wood, hemicelluloses and lignin are located
between the cellulose microfibrils. During the chemical pulping process the
middle lamella, most of the primary wall (P) and part of the secondary wall (S1
layer) are removed, leaving the secondary wall S2 exposed. The S2 layer is the
thickest of the fibre wall layers where the cellulose fibrils are organised into a



Background

8

right-handed helix with a fibril angle of 10–30° with respect to the main axis of
the fibre. The final structure of the fibre is defined by the processing conditions
after pulping which then determine, for example, flexibility, fibrillation and
swelling tendency.
  After the pulping process, the fibres are usually refined, or beaten, to increase
the fibre surface fibrillation, flexibility and thus the bonding ability. Refining
loosens the fibre wall and surface fibril structure, causing internal and external
fibrillation.23,24 Internal fibrillation involves the breakage of internal bonds be-
tween cellulose fibrils inside the fibre cell wall, causing separation of the re-
maining P and S1 layers. This leads to fibre swelling, making the fibre more flex-
ible and collapsible.25 External fibrillation is connected to the partial peeling of
fibrils from the fibre surface and exposure of the S2 layer.24,26 As the fibrils are
still attached to the fibres, they increase the fibre-specific surface area. Refining
cuts fibres and breaks fibrils, shortening the fibre length, increasing fines con-
tent and inducing structural changes like kinks, curls, dislocations and, in cer-
tain cases, fibre straightening.
   Cellulose microfibrils are the main structural component of plant cell walls
(Figures 2b) where they can be extracted using mechanical,27,28 chemical29 or
enzymatic 13 treatments. Microfibrils consist of agglomerated elementary fibrils
with a diameter of approximately 3.5 nm.30 Different extracted cellulose
microfibril grades differ greatly in terms of their dimensional and
morphological properties, depending on their fibre origin and preparation.31-33

Finer grades are usually prepared by chemical means, such as TEMPO-
mediated oxidation,34 and are called cellulose nanofibrils (CNF), consisting of
individualised cellulose elementary fibrils, or nanofibers, 3–4 nm in width and
a few micrometres in length. Cellulose microfibrils (CMF) are coarser than CNF
and have a greater width (3–100 nm) and length distribution. In general, aspect
ratios of cellulose fibrils are high, between 100–370,35,36 and specific surface
areas from 30 to 100 m2/g for cellulose microfibrils12,37 and even 400–500 m2/g
for cellulose nanofibrils.38 In addition to high aspect ratio, cellulose fibrils have
low density, high strength, high flexibility and chemical inertness.

Cellulose elementary fibrils are composed of aggregated cellulose polymer
chains (Figure 2c). Cellulose itself is a linear polysaccharide consisting of β–
(1→4) linked D–anhydroglucopyranose units having one primary and two
secondary hydroxyl groups per glucose unit. Cellulose fibrils (and cellulose
fibres) possess a negative surface charge in water due to the carboxylic groups
of hemicelluloses.39 Negative charges make cellulose fibrils hydrophilic and thus
they are strongly wetted by water; however, they are not water soluble. The
water insoluble character has been explained to be due to the amphiphilicity of
cellulose fibrils40-42 containing both a hydrophilic part (showing the equatorial
hydroxyl groups of the pyranose ring) and more hydrophobic  part, (showing
the axial hydrogens).43 Due to the hydroxyl groups, cellulose can also be easily
chemically modified, for example, to be hydrophobic,44 which also applies to the
surfaces of larger-scale forms of cellulose, including cellulose microfibrils and
fibres.45,46
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All the above-mentioned properties of cellulose fibrils make them an interest-
ing natural component for many applications. In addition to being a paper
strength additive, cellulose fibrils have been used, for example, in nanocompo-
site reinforcement, barrier coatings, biomedical applications, printed electron-
ics, and as a rheology modifier in the food and health industries.47-51

Figure 2. (a) Cellulose microfibril solution (1% consistency) and HIM–image of the dried
solution. (b) Illustration of wood cell structure (c) Illustration of a wood cell fibril structure with
different dimensions (b and c; Sara Sofila © VTT).

3.1.2 Importance of wet fibre surfaces for inter-fibre bonding

Cellulosic fibres and fibrils have an intrinsic tendency to bond to each other
during the drying process. The fibre surface properties and how they finally ar-
range themselves in the fibre web structure (fibre orientation, distribution, floc-
culation, density) will have an impact on the dry material mechanical proper-
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ties. Fibre surface properties can be affected by mechanical and chemical treat-
ments. Chemical treatments include the use of additives that modify the fibre
surface and bonding behaviour through adsorption (chemical, physical or me-
chanical).

Fibres bond through different mechanisms, including molecular level hydro-
gen bonding, van der Waals forces (dispersion attraction) and Coulomb forces
(interactions between ions), interdiffusion of molecular chains, mechanical in-
terlocking of macromolecules and cellulose fibrils and capillary forces between
two wet fibre surfaces.52

Hydrogen bonds are bridges formed between hydrogen atom covalently
bonded to an electronegative atom (F, O, N, Cl) and an electronegative atom.
Regarding cellulose fibres, hydrogen bonds are formed between the hydroxyl
groups (-OH) of hydrophilic cellulose molecules. Van der Waals forces are forces
induced by dipole moments of molecules and always present between molecules
and particles.53 Interdiffusion describes the entanglement of cellulose chains on
the fibre surfaces and mechanical interlocking is the same phenomenon but be-
tween cellulose fibrils.52

Before the molecular level bonding or interlocking of fibrils can happen, the
two fibre surfaces need to come in close contact. Cellulose fibrils can extend a
few nanometres out from the fibre surfaces but for molecular bonding, the dis-
tance needs to be less than a nanometre (0.27 nm).52 In wet paper, capillary
forces acting on a two wet fibre surface have been stated to draw fibre surfaces
together so that molecular bonding and interlocking can emerge.52 The origin of
the capillary force between two wet fibres (or particles) is in the pressure differ-
ence between the liquid and the vapour phase. The liquid between the particles
has a curvature with a negative radius and, as described by the Young-Laplace
equation (Equation 1) 53,

∆𝑃 = 𝛾 ∙ (
1
𝑅1

+
1
𝑅2

) (1)

where ∆P is the Laplace pressure, γ is the surface tension of the liquid, and R1

, R2 are the radia of curvature of the two planes. Thus, the liquid has lower pres-
sure than the surrounding vapour and the capillary force pulls strongly the two
particles together, which explains why wet paper holds together even with rela-
tively low solid contents.

In terms of molecular level bonding, the Van der Waals forces have been
shown to play an even stronger role than hydrogen bonding.54 Interdiffusion
and mechanical interlocking of fibre surface fibrils is another key mechanism
for bond strength generation.52 Induced external and internal fibrillation of fi-
bres in combination with increased fines content improves the inter-fibre bond-
ing capacity through increased bonding area and bond strength. Increased
bonding capacity has a straight correlation to wet- and dry strength of fibre
webs.24,26,55 Refining has been the most common mechanical treatment for fi-
bres to increase fibre fibrillation and paper strength.56,57
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Distinguishing between the roles of different fibrillation effects (external vs.
internal fibrillation) on strength generation is rather difficult. Internal fibrilla-
tion increases fibre swelling and flexibility. The flattened fibres have a larger
bonding area, leading to strong bonding.58 External fibrillation has been pro-
posed to form gel-like layers on the fibre surfaces as the amount of surface fi-
brillation increases.24,59 This increases the bonding area of fibres and enhances
fibril entanglement between fibres, strengthening the fibre bonds.60 It has been
shown that the separate addition of fines,61-63 cellulose microfibrils (CMF)64-66

or cellulose nanofibrils (CNF)67,68 increase paper strength. The strength increase
can be quite significant depending on the used fibrillated material and fibre
grade; the addition of cellulose fibrils to low bonding fibres (like thermome-
chanical pulp fibres) has a stronger effect on strength than better bonding, flex-
ible chemical pulp fibres. The role of external fibrillation in increasing paper
strength can be considered to be similar to the separate addition of cellulose
fibrils.

As described earlier, fibre-fibre bonds start to form during water removal as
fibres are brought into closer contact by capillary forces.69-71 At a solids content
of ~50 % (depending on the fibre type), hydrogen bonds start to form between
(and within) fibres and entanglement frictions start to have an effect.72-74 The
tensile strength of the fibre web increases exponentially with increasing solids
content. During drying, fibres become stiffer and lumina collapse, which
increase the contact area between fibres. In addition, more interfibre
connections are formed and bonding becomes stronger,75 resulting in an
increased tensile strength until the paper is fully dry.
   Because of the central role of wet fibre surfaces in strength generation of paper
during drying, the properties and appearance of wet fibre surfaces have raised
a general interest. The first remarks on the importance of external fibrillation
on inter-fibre bonding in a wet state were made by Strachan in 193276 and, in
the same year, Campbell suggested that the surface of wood pulp fibres contain
water-soluble polymers extending from the surface into solution.77 Charged fi-
bre surface polymers were then later used to explain fibre surface charge prop-
erties and polymer and particle adsorption on fibres.78,79 Kibblewhite (1973) de-
scribed the interfibre bond formation as happening when gel-like layers on fibre
surfaces merge together during water removal.70 McKenzie (1984) then ex-
tended this idea using adhesion diffusion theory.71 In 1986 Lindström showed
through fibre swelling studies that part of the fibre wall had a gel-like behav-
iour.80

   Clear visual characterisation with fibre-fibre bonds was performed with a
transmission electron microscope by Nanko and Ohsawa in 1989. They showed
the interphase between bonded fibres in papers as being composed of external
microfibrils and secondary fines.81 This layer was labelled a “bonding layer” with
a film-like structure, and it was stated that they have a significant contribution
to fibre bond strength through interdiffusion. Neuman (1993) used surface force
apparatus to investigate interactions between spin-coated cellulose model sur-
faces. “The dangling tail model” of a swollen cellulose surface with extending
cellulose chains was proposed.82 In 1993 the indication of a fibre surface gel-like
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nature was discussed in more detail by Pelton,83 who hypothesised that in a wet
state, fibre surfaces consist of a hydrated polyelectrolyte layer. According to
their study, many wood fibre properties were similar to those of crosslinked wa-
ter-swollen gels. Accordingly, a model of a wavy fibre surface with a layer of
charged polymers was proposed (Figure 3b).83

3.1.3 Indications of gel-like fibre surfaces

   Direct evidence of the gel-like fibre surfaces is difficult to achieve due to the
micro or even nanoscale dimension of the material attached to a particle surface
only couple millimetres long and, in addition, can only be observed in a wet
state. Still, implicit observations of the gel-like fibre surfaces have been carried
out utilising high resolution imaging, such as scanning electron microscopy
(SEM),59,84,85 and atomic force microscopy (AFM).86-88 Myllytie84 studied the in-
fluence of polymers on the aggregation behaviour of CMF and surface fibrils us-
ing an optical microscope and environmental SEM. It was shown that the mirco-
fibrils in CMF and fibre surfaces exhibited similar behaviour in the presence of
polymers, and the nature of the interaction was explained on the basis of gel-
like materials. Belle et al.85 and Mou et al.59 imaged dried fibre surfaces with
SEM and surface fibrils extending from the refined fibre surfaces that were con-
cluded to be gel-like in nature. Chhabra86 showed with AFM force measure-
ments that fibre refining forms a soft fibrillar layer on fibres that becomes
thicker as refining continues. AFM was used by Gancer et al.88 to show an in-
crease in fibre surface softness with increasing relative humidity. Czibula et al.87

used AFM to study the viscoelastic properties of fibre surfaces and showed that
the elastic modulus in water was comparable to that of hydrogels. Hydration
and swelling studies performed with differential scanning calorimetry have also
shown that the factors causing the melting point depression in pulp fibres are
similar to those within hemicellulose gels.89

   Another indirect way to verify the existence of gel-like fibre surfaces is to com-
pare them to cellulose fibril gels. CNF and CMF originate from the fibre wall and
are generally considered to be a representative model for cellulose fibre surfaces
with similar physical and mechanical properties. Especially when studying cel-
lulose swelling and polymer adsorption using quartz crystal microbalance
(QCM), CMF model films have been extensively utilised.47,90-94 According to rhe-
ological characterisation, cellulose fibrils are defined as gel-like materials with
low solid contents (0.125–5.9%).13,95 Gel-like cellulose fibrils can be attributed
to the combination of hydrophilic character, high aspect ratio and high specific
surface area. In terms of rheology, a viscoelastic gel is a material that possesses
both viscous and elastic behaviour under stress. A dispersion can be assumed to
be a gel when the elastic properties dominate the viscoelastic behaviour, mean-
ing that the storage modulus (elastic, G') is larger than the loss modulus (vis-
cous, G") and the phase angle (δ) is 45° > δ > 0°.96 In typical viscous fluids, the
storage and loss modulus are frequency-dependent and G"> G' and the phase
angle (δ) is δ > 45°. In the study by Pääkkö et al. (2007) the CMF suspensions
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had elastic G' and viscous G" moduli independent of the angular frequency.13

Elastic behaviour clearly dominated, which was attributed to the strongly en-
tangled fibrillar network. The loss tangent (tan δ), describing the ratio of viscous
and elastic moduli (G"/G'), was under 0.3 for all CMF concentrations. A slight
increase in tan δ was shown at high frequencies, meaning an increased elastic
behaviour and stronger gel. Elastic modulus (G') also increased strongly with
the increase in concentration due to increased fibrillar contacts. In the same
study, Pääkkö et al. (2007) showed that CMF gels were shear thinning or can be
considered to be pseudoplastic materials.13

   Viscoelasticity of pulp suspensions has been studied97,98 and Swerin et al.
(1992) investigated the viscoelasticity of pulp at 3–8% solids content.97 The elas-
tic modulus was measured to be higher than the viscous modulus and both in-
creased with concentration. The applied frequency did not have an effect on the
measured values. The behaviour was different at lower consistencies (1% sus-
pension) where the elastic modulus was shown to increase with frequency while
viscous modulus stayed constant.99 The loss tangent (tan δ) was under 0.2 and
decreased slightly with the frequency. At higher consistencies, where the fibre-
fibre contacts are more frequent, the viscoelastic behaviour of pulp slurries
seems to be similar to that of CMF suspensions. However, one needs to keep in
mind that in oscillatory measurements of pulps only small strains are used. This
means that the rupture of the fibrous networks happens mainly between flocks
rather than within them.
   In this thesis, our hypothesis is that gel-like fibre surfaces in the wet state re-
semble CMF. If the fibre surface rheologically behaves like a gel, it means that
the wet fibril material can transfer forces, which become exponentially higher
at increased solids content, and it becomes difficult to prevent their coalescence.
To show the similarities between the two materials, a helium ion microscope
(HIM) was used (Paper II). Within the high resolution imaging techniques,
SEM has been commonly used for characterisation of cellulose fibrils32,100,101 and
the ultrastructure of fibres including the effect of pulping and refining on fi-
bres.102-108 Cryo-SEM, especially, has been used for hydrated biological speci-
mens and also for hydrogels 109, in which the hydrated material structure is pre-
served using cryo-fixation. HIM was chosen for its higher depth of field than
SEM and the possibility to image non-conductive samples without the need for
conductive coatings.110,111

   In HIM, a focused helium ion beam is used to release secondary electrons from
the sample surface, which are then collected with an Everhart–Thornley detec-
tor (ETD) and the grey scale image is created in a similar manner as in SEM.
HIM uses a single atom source and, thus, the excited surface volume is smaller
than in SEM, making even a sub-nanometre scale resolution possible. Sample
charging in HIM is compensated with an electron flood gun and no sample coat-
ing with and conductive layer is needed.110,111 HIM has proven to be both a deli-
cate and a high resolution method for imaging biological samples.112,113 HIM has
also been used for fibre surface characterisation and, even without conductive
coating, a high surface contrast has been achieved.114 This was an important fac-
tor for our study as the target was to image delicate fibre and fibril structures
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that can be easily disrupted with an additional metal coating. In addition to fi-
bres, cellulose fibrils,115-117 cellulose crystals,115,118 and cellulose fibril compo-
sites48 have been imaged with HIM. However, the drying of wet fibre surfaces
and cellulose fibrils with similar procedures have not been directly compared
using HIM or SEM.

3.1.4 Gentle drying of delicate fibril structures for high resolution
imaging

   High resolution imaging methods, like HIM and SEM, require a vacuum.
Thus, samples placed in the imaging chamber need to be dry. Drying again has
a large effect on the cellulose fibril structure. Pores and fibrils are easily
collapsed when water is removed (Figure 3a) from the structure due to the
capillary effect.104 Our target in Papers I and II was to capture cellulose fibrils
as they would be in a wet-state, and to gain a better understanding of the
conditions that prevent the coalescence of fibrous cellulosic surfaces. To obtain
this, samples were dried as gently as possible to avoid structural collapse
(Figure 3).

Figure 3.  (a) Dry fibre surface with collapsed fibril structure and a HIM image of an air–dried
paper surface where surface fibril structure has totally collapsed, forming a film over the fibres.
(b) Image redrawn from Pelton’s model83, © Robert Pelton, representing the fibre surface
structure in water with a layer of charged hydrated polymers. Gentle drying of fibres with
cryofixing followed by freeze drying and critical point drying (CPD) was performed to preserve
the open fibril structure of the fibre surfaces as it is in wet state

    Cryofixing followed by freeze drying and critical point drying (CPD) are
common methods for delicate drying of cellulose fibrils for electron microscopy
or preparation of high surface area cryo- and aerogels.9-12,38,119,120 Both cryofixing
and CPD produce lightweight and porous fibril structures, but the morphology
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is different.8,121 Thus, to distinguish between the materials prepared with differ-
ent drying procedures, cryofixed and freeze-dried structures are called ‘‘cryo-
gels’’ and CPD dried structures ‘‘aerogels’’.

In cryofixing, a cryoliquid (like nitrogen or propane) is used to rapidly freeze
the sample which is then dried in a vacuum.122 The purpose of the fast freezing
is to avoid the formation of ice crystals that can affect or template the structural
features during crystal growth. Ice is then sublimated into a gas under a vacuum
(freeze drying) and the original structure is expected to remain intact. Liquid
nitrogen (LN2) is often used for cryofixing but suffers from the Leidenfrost ef-
fect,123 which delays freezing and dictates ice crystal formation. The Leidenfrost
effect is the formation of an insulating gas layer between the wet sample and the
cryoliquid as the LN2 on the sample surface starts to boil. Liquid propane
(LPGS) has a higher boiling point than LN2, and can also be used for cryofixing.
LPGS has also been shown to have reduced Leidenfrost effect.124

   CPD involves three steps:122 in the first one, water in the sample is replaced
gradually with a less polar solvent (like ethanol or acetone). In the second step,
the solvent is replaced with a supercritical fluid (carbon dioxide) and in the final
step the supercritical fluid is turned into gas. The sample structure maintains
its original form as no strong surface tension forces are present during drying
and no coalescence of cellulosic fibrils take place.

The efficiency of the drying procedure can be evaluated by measuring the spe-
cific surface area (SSA) of the sample. The higher the SSA, the higher the poros-
ity and openness of the fibril structure. The SSA of TEMPO-oxidised CNF has
been measured to be as high as 480 m2/g after CPD drying.38 Values varying
from 100 to 300 m2/g have been measured for freeze dried CNF.9,11,125-127 In gen-
eral, CPD has been shown to preserve open fibril structure better than cryofix-
ing.10,128,129

In Paper I, both cryofixing and CPD were evaluated as gentle drying methods
of the delicate cellulose fibrils. Cellulose fibrils were TEMPO-oxidised CNF
(TCNF). TCNF has a fine and homogeneous structure, a large specific surface
area (~400 m2/g) and high charge (carboxylate content ~1.0 mmol/g), meaning
that it also binds extensively to water. It was considered to be a challenging ma-
terial for both drying and imaging and thus a suitable material for evaluation of
the drying processes. In addition, TCNF has not been previously imaged via
HIM. The created knowledge about the effects of drying procedures and HIM
imaging was then applied in Paper II when actual cellulose fibres and CMF
were investigated to show the similarities between these two materials.

3.2 Foam forming of fibre-based materials

  Foam forming begins by mixing fibres with water and surfactants under vig-
orous shear (mechanical mixing) or by other means that bring air into the sys-
tem.6 The generated aqueous fibre foam (air content 30%–80%) is steered onto
a wire for foam removal by vacuum or by free drainage. Finally drying is applied
and a self-standing dry fibre structure is produced.
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Fibre consistency (i.e. mass fraction of the solid fibres in the water suspension
before mixing the foam) in the forming phase varies between 0.5% and 4%, de-
pending on the target structure.130 When pursuing good formation or when us-
ing long fibres (5–10 mm), a relatively low consistency of around 1% is pre-
ferred.131,132 However, using foam as a transfer medium enables fibre forming
operation at much higher consistencies with quite good formation.133 Structure
density can be affected by the level of applied vacuum during foam removal.134,135

To achieve dense structures, the foam is removed with higher vacuum, and wet
pressing can be applied to further increase the density. Low density structures
are prepared using free drainage or low vacuum to avoid structural collapse.
Density can also be post-adjusted by rewetting and pressing the already dried
structure.136,137

Foam forming of paper-like high-density structures (500–1000 kg/m3) can be
produced using similar operations to that in a paper or board manufacturing
line, modified for the foam process.19,138,139 Low density webs (approximately
200 kg/m3) are prepared without wet pressing, and the foam is removed with
vacuum dewatering and thermal drying.140 This has been already shown to be
possible on a pilot scale with continuous operation.6 However, the process of
preparing extremely low-density materials with high thickness (density < 100
kg/m3 and thickness between 10 mm – 100 mm) is still under development, and
here the effect of foam properties on the final material structure is pronounced.
In this thesis, we focused especially on understanding the relationship between
aqueous foam and the final material structure in thick and porous structures.

The wide range of achievable densities opens up possibilities for foam-formed
structures in packaging, filtering, insulation, cushioning and substrate material
applications. Due to the wide application, it is necessary to have tools to control
and adjust the final material properties through foam quality. The foam stability
and bubble size, surfactant type and fibre chemistry all affect the achieved den-
sity and pore size distribution of the fibre network.141,142 Foam–fibre interaction
also affects the fibre alignment, 3D structuring143 and bonding144 of the network
and thus also its mechanical behaviour. Foam-formed networks easily form sep-
arated layers inside the structure that causes anisotropic compression proper-
ties.145,146 All means to affect the structural features will have an impact on
strength properties. Thus, it is crucial to deepen knowledge of the bubble–fibre
interaction in chemically different surfaces and interphases and to link the
learning to the foam architecture, stability and rheology.

3.2.1 Principles of aqueous fibre-foams

  Foam consists of gas bubbles in a continuous liquid phase stabilised by sur-
factants.147 Surfactants are an essential component in foam formation as they
adsorb at air-liquid interphases, decreasing the surface energy. Foams can be
divided into three different categories depending on the air content: bubbly liq-
uids, wet foams and dry foams.147 In bubbly liquids, the air content is low (<
64%), and the system does not have rigidity, but fully spherical bubbles move
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quite freely in the suspension. A wet foam is more rigid, because of the higher
air content, between 64% and 85%. The liquid phase is located in the thin films
between the air bubbles (also called foam lamella) and at their meeting regions
(plateau borders and nodes). The bubble shape starts to change from spherical
to polyhedral as the air content increases. At an air content around 64%, foams
experience a “jamming transition”.6 At this point, the deformation properties
change from viscous to more elastic-like as the bubbles in the foam start to con-
tinuously interact with neighbouring bubbles. Above this critical air content,
foams have a measurable yield stress. When the air content is above 85%, the
bubbles in such dry foam are polyhedral in shape and the foam films are thin.148

In foam forming the foams are usually bubbly liquids or wet (aqueous) foams,
having air content in the range of 50–70% and mean bubble diameter in the
range of 50–150 µm. This air content range is suitable for the preparation of
high-porosity structures while the foam is still easily processable. 6

Foams can be characterised by their foamability and foam stability, which are
affected by the foam generation method, surfactant type, air content and bubble
size.148 Foamability describes the time needed to reach the maximum achievable
foam volume for the corresponding system. After the foam generation, the liq-
uid in the foam films starts to drain due to gravity. The time needed to drain half
of the liquid compared to the initial foam volume is called the foam half-life
time, which is often used to describe foam stability. During drainage, the films
become thinner, and the air content increases with simultaneous foam coarsen-
ing; the mean bubble size increases due to the pressure difference between bub-
bles of different sizes. Finally, bubbles start to coalescence and foam collapses
as the stability of the thin liquid films is reached.148

In foam forming, it is preferred for foams to be relatively stable and quick to
form, having a half-life time of several minutes. High air content and small bub-
ble size usually increases foam stability. Air content and bubble size can be con-
trolled by the applied mixing forces, surfactant type and concentration.149 High
shear forces increase air content and decrease bubble size.142 Surfactant size and
type (ionic, non-ionic, amphoteric) determines how fast the surfactant mole-
cules diffuse to the air-liquid interphase and how effectively they stabilise the
films during foam flow and drainage.

Surfactants are a class of amphiphilic molecules that have both hydrophilic
and hydrophobic parts in their structure.150 Due to the amphiphilic structure,
surfactants readily adsorb at interphases, and also form accumulated structures
known as micelles. The nature of the hydrophilic “head” determines whether the
surfactant is ionic or non-ionic. The head group can be electrically charged
(ionic surfactant) or have other lyophilic groups such as hydroxylic or carboxylic
groups possessing no charge (non-ionic) (Figure 4a). A hydrophobic “tail” con-
sists of a non-polar carbon chain. Classes of ionic surfactants include anionic
(negative headgroup), cationic (positive headgroup), amphoteric (negative or
positive depending on the pH) and zwitterionic (carry both positive and nega-
tive charge) surfactants. Non-ionics are usually different kinds of alcohols, pol-
yethers or esters.150
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Surfactants adsorb at interphases so that the hydrophilic groups face towards
the polar environment and the hydrophobic ones face the nonpolar phase. 151 In
an air-water system, this means that the hydrophilic head is in water while the
hydrophobic tail points out towards the air phase. Surfactants normally form a
molecular layer at the air-water interface, also called the Gibbs monolayer. 148,151

The decrease in the surface tension is proportional to the surfactant concentra-
tion at the air-water interphase until the saturation point is reached. Above this
so-called critical micelle concentration (CMC*), the surface tension remains
constant even though the surfactant concentration increases. In this region, sur-
factants form micelles (Figure 4) in the bulk of the liquid to satisfy their am-
phiphilic nature. Non-polar tail groups are sealed inside the micelle, while polar
heads face the liquid. As all excess surfactants go the micelles, no change in the
surface tension occurs. 151

Reduced solubility of surfactant molecules decreases the CMC*.151 Factors that
decrease the solubility are, for example, an increase in the carbon chain length.
On the other hand, the steric and electrostatic effects that hinder the molecule
packing into micelles increase the CMC*. In the case of non-ionics, the increase
in the polar headgroup size also increases the CMC*. The presence of electro-
lytes has a significant effect on the CMC* of ionic surfactants. Counter ions
screen the electrical repulsion between the charged headgroups, thus decreas-
ing the CMC. 151

   Surfactants can also adsorb on particle surfaces, changing the surface energy
and wetting properties 152 (Figure 4). For example, the wetting of a hydropho-
bic surface can be increased and the wetting of a hydrophilic surface can be de-
creased by adsorption of surfactants. 153 Surfactants attach to a hydrophobic sur-
face via their non-polar tail, leaving the polar head pointing out towards the liq-
uid (Figure 4b). This increases the surface polar content and increases wetting.
In the case of a hydrophilic surface, efficient adsorption requires that the charge
of a surfactant is opposite to the charge of the surface. For example, cationic
surfactants adsorb on negatively charged hydrophilic surfaces via electrostatic
attraction. Non-polar tails are then arranged to face the liquid and surface hy-
drophobicity increases. If the surface and the surfactant possess the same
charge, there is a repulsion between the surfactant head group and the surface,
and adsorption does not happen or is hindered. However, the presence of coun-
ter ions in the solution will have a strong effect on the surfactant adsorption
(Figure 4c). The counter ions decrease the electrostatic repulsion (electrostatic
screening), and molecules of a same charge start to interact. 153

In addition to electrolytes, also the surfactant concentration affects the ad-
sorption behaviour (Figure 4b,c).151 At low concentrations, below the CMC*,
surfactants adsorb as a single molecular layer. Close to CMC* they start to form
hemimicelles or double layers, depending on the surface hydrophobicity and
surfactant type. At high concentrations, above the CMC*, surfactants form mi-
celles in the bulk of the solution but also on the solid surfaces. As mentioned,
the surface properties, like charge or hydrophobicity, of particles and molecules
affect the interaction mechanisms in aqueous media. 53
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Anionic sodium dodecyl sulphate (SDS) is the most common surfactant used
in foam forming.130 Due to the charge and small size, SDS is a rapid foamer and
is widely studied in the literature. Non-ionic surfactants, such as polyoxyeth-
ylene (20), sorbitan monolaurate (Tween 20), alkyl glucosides and alkyl poly-
glucosides (APGs), and polyvinyl alcohol (PVOH or PVA) are also used.6 Non-
ionics are usually not as good foamers as ionic surfactants and are sensitive to
temperature, but they are less sensitive to electrolytes and other charged chem-
icals (Figure 4). 150

Figure 4. (a) Illustration of the structures of non-ionic and ionic surfactants and surfactant
micelles. (b) Illustration of an anionic surfactant (SDS) adsorption on hydrophobic and
hydrophilic surfaces in water for surfactant concentration under, close and above CMC. There
is always some Na+ counterions present with SDS. Water molecules usually dissipate around
the charged groups and hydrophilic surfaces, which can be seen especially in quartz crystal
microbalance studies (discussed in Paper IV).

In addition to the surfactant, a foam used for forming contains fibres. Fibre
consistency and morphology have been shown to affect the foam bubble size and
stability. In a study done by Al-Qararah et al., the bubble size decreased in the
presence of natural fibres but was not affected when man-made viscose fibres
were used.142,154 Viscose fibres, being chemically heterogeneous and having



Background

20

smooth surface morphology, were assumed to have little interaction with the air
bubbles. Meanwhile rough natural fibres with fines would be expected to have
stronger interactions during mixing, thus decreasing the mean bubble size. Rhe-
ological investigations of fibre foams with a pipe rheometer showed that fibres
increase the shear viscosity and the yield stress of the system when compared to
pure foams.155,156

Fibres also increase the foam stability by hindering the liquid drainage in foam
lamella.149,157-159 Regarding the gas-liquid interfaces of foams, all factors that de-
crease the thin liquid film drainage, bubble coarsening, and coalescence im-
prove the foam stability. The hindered drainage by fibres is likely due to the at-
tractive interaction between fibres and bubbles that stabilises the foam. Cellu-
lose nanofibrils have been shown to adsorb on both liquid-liquid and gas-liquid
interfaces (Pickering emulsions and foams) creating a rigid mechanical layer
that aids interfacial stabilization without affecting surface tension.160,161 The
nanofibril layer improves the liquid film rheological properties (increased vis-
coelasticity), increases the surface coverage and hinders the liquid drainage by
accumulating in the foam Plateau borders.162 The adsorption on nanocellulosic
materials at gas-liquid interfaces has been attributed to the amphiphilicity of
cellulose, and the same mechanism could be also applied for fibres and fines.
The interaction between bubbles and fibres is discussed more closely in the next
chapter.

3.3 Fundamentals of bubbles and surfactants

Before the discussion of the actual bubble–fibre interaction mechanisms, this
chapter introduces key concepts of interfacial phenomena in aqueous colloidal
systems, including surface energies and surface wetting, interaction forces
between particles, bubble attachment on particles and stability of wetting films.

3.3.1 Surface energies and surface wetting

Surface energy (γ), or surface tension in the case of liquids, describes the extra
energy at the surface of a material compared to the bulk. It is the energy needed
to create one unit of surface area and can also be described as the force (F) per
unit length (δx) acting on an imaginary line drawn on the surface:

𝛾 =
𝐹
𝛿𝑥

(2)

As the total-energy is proportional to the surface area, the system always seeks
to minimise the area if no other forces are present. This is the reason why air
bubbles and drops often have quite a spherical shape.151
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Wetting is the ability of a liquid to spread on a surface.152 The degree of surface
wetting can be described by a contact angle of the surface θ. The contact angle
is the angle between the solid surface and the tangent line drawn along the liq-
uid surface from the contact point with the solid (Figure 5). The contact angle
of a liquid droplet is affected by the interfacial energies (or tension) between the
three phases of the system: solid-vapour (𝛾𝑆𝑉), solid-liquid (𝛾𝑆𝐿), and liquid-va-
pour (𝛾𝐿𝑉). The combined effect of three interfacial energies determines the con-
tact angle of the droplet. The Young’s equation163 (Equation 3) describes the
relationship between the surface energy and the contact angle of a drop on an
ideal surface:

𝑐𝑜𝑠𝜃 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿
𝛾𝐿𝑉

(3)

The wetting behaviour of a liquid on a surface is defined by the difference be-
tween the adhesive forces between the liquid and the surface and the cohesion
of the liquid that holds it together. Hydrophilic solids with polar groups on the
surface have a strong affinity for water (strong adhesion) showing a strong wet-
ting and low contact angle (θ < 90°). Hydrophobic surfaces repel water (weak
adhesion), have low wetting behaviour and a high contact angle (θ > 90°) due
to the non-polar surface groups. Perfect surface wetting means that the contact
angle θ = 0°.151

Figure 5. Contact angle of a drop (θ) on a surface and the acting forces between the three
phases of the system: solid-vapour (𝛾𝑆𝑉), solid-liquid (𝛾𝑆𝐿) and liquid-vapour (𝛾𝐿𝑉).

The Young’s equation assumes that the surface is perfectly smooth and chem-
ically homogeneous (ideal). However, in fact, surfaces are rough and possess
chemical heterogeneity. The Wenzel equation (Equation 4) includes the
roughness factor (r) in the calculations and assumes that the surface is chemi-
cally homogeneous.164 The Cassie-Baxter equation (Equation 5) is used when
the surfaces have both roughness and chemical heterogeneity.165 It includes the
factor f, which is the fraction of the solid surface area wet by the liquid.

cos(𝜃′) =
𝑟(𝛾𝑆𝑉 − 𝛾𝑆𝐿)

𝛾𝐿𝑉
= 𝑟 cos 𝜃 (4)
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where θ’ is the apparent contact angle and roughness factor

𝑟 = 𝑟𝑒𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑  (𝑠𝑚𝑜𝑜𝑡ℎ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

≥ 1

cos (𝜃′) = 𝑓 cos 𝜃 + (1 − 𝑓) cos 180° = 𝑓 cos 𝜃 + 𝑓 − 1 (5)

Rough and heterogeneous surfaces also experience a phenomenon called con-
tact angle hysteresis, which means a difference between the advancing (θa) and
receding (θr) contact angles. The advancing contact angle is the contact angle of
a growing droplet (the new dry surface area is covered with a liquid). Receding
contact angle is the contact angle of a decreasing droplet. If the static contact
angle is between θa and θr, the contact line is pinned and hysteresis occurs.166,167

Contact angle hysteresis is caused by the metastable states of a solid arising from
the different thermodynamically stable contact angles in the same material.
These could be caused by dirt, roughness, or chemical heterogeneity on the sur-
face. A surface is considered to be relatively smooth and clean if θa − θr is smaller
than ca 5°degrees.152

The surface energies and wetting behaviour can be affected by adsorption of
polymers, surfactants or even particles. Depending on the chemical composi-
tion, a molecule (or particle) is either attracted or drawn away from the other
surrounding molecules and, if energetically favourable, the molecules concen-
trate on surfaces. Surfactant adsorption decreases the surface energy of an in-
terphase. For example, surfactant adsorption at an air-water interphase de-
creases the air-water surface tension, stabilises the interphase, and contributes
thus to the stability of air bubbles and foam formation.

3.3.2 Interaction forces

In an aqueous colloidal dispersion, when two surfaces or interphases come
into close contact, they experience a force that reflects the characteristics of the
surfaces and the surrounding media. The total interaction between the two sur-
faces is the sum of these acting forces causing either attraction or repulsion.

The acting forces between interacting surfaces include van der Waals (VDW)
force, electric double-layer (EDL) force, hydrophobic force, and other hydra-
tion, steric and bridging interactions. VDW force is mainly caused by the di-
pole–dipole interaction (also known as Keesom interaction), dipole-induced di-
pole interaction (Debye interaction), and instantaneous dipole-induced dipole
interaction (London or dispersion interaction).168 VDW force depends greatly
on the polarity of the particles and the surrounding media (Hamaker constant),
as well as the distance between and shape of the particles. EDL is a characteristic
force for charged surfaces in an aqueous medium. EDL forms when functional
groups on surfaces ionise or dissociate due to adsorption of ions. EDL consists
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of a Stern layer (the surface-bound counterions) and a diffuse layer (free coun-
terions) and is highly affected by the particle charge and electrical content of the
aqueous solution (electrolytes and pH). The net effect of VDW and EDL inter-
actions on the stability of interacting systems is generally described by the clas-
sical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.168 At large distances
(a few µm) and low electrolyte concentrations EDL repulsion dominates the net
force. When the electrolyte concentration is increased, the EDL repulsion de-
creases as the diffuse layer and the Stern layer gets more compacted and VDW
forces start to affect more (force distance range varying from over 10 nm to be-
low 1 nm). VDW force can be repulsive but generally VDW is almost always at-
tractive.
   Hydrophobic (HB) interaction is not considered in the DLVO theory. HB is a
strong attraction force between two hydrophobic surfaces in an aqueous me-
dia.53 Nanobubbles are often found on hydrophobic surfaces and their contribu-
tion to the hydrophobic force has been addressed.169-173 Atomic force microscopy
has been used to prove the existence of surface nanobubbles on hydrophobised
silica and mica.174-177 Other techniques, such as infrared spectroscopy,178 differ-
ent high-resolution microscopy techniques.179-181 and quartz crystal microbal-
ance182 have also been utilised to prove the presence of nanobubbles. Nanobub-
bles or entrapped gas on the hydrophobic surfaces could cause a capillary bridg-
ing between hydrophobic surfaces, making the HB interaction a long-range at-
traction force.169,170 In addition to nanobubbles, HB force is associated with an
entropy-driven process between water molecules and hydrophobic surfaces.
Hydrophobic surfaces disrupt the hydrogen bonding of surrounding water mol-
ecules,53 and to decrease the degree of disruption, the water molecules form an
ordered hydration shell. To lower the increased free energy of the system, hy-
drophobic particles aggregate. This kind of entropy-driven force normally acts
over short distances (≤ 10–20 nm).
   Hydration force is an additional repulsion between hydrophilic surfaces in an
aqueous system.53 It is a very short range force (2–5 nm) and can have a role
when the surface is exceptionally hydrated, for example at high pH.183 Steric and
bridging interactions are caused by the long polymer chains dangling from the
surface. Overlap of the dangling chains of two hydrophilic surfaces induces a
repulsive steric force caused by the unfavourable entropy. There can also be at-
traction and polymer bridging between the polymer chains arising from the at-
tractive forces such as VDW, electrostatic, HB and hydrogen bonding.

3.3.3 Bubble attachment to particles and the stability of wetting films

A s explained in sections 1.1 and 1.2, a foam is a versatile system for material
transport and forming. Foams (or froths) are used, for example, in material re-
covery in the mining industry and in paper recycling (de-inking). It is also used
in the food and medical industries due to its unique structure and rheology.
Here the understanding of foam properties and bubble–particle interaction be-
comes highly important. Especially in mineral flotation, the bubble interaction
with chemically homogeneous solid particles is extensively studied, and both
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the attachment and detachment mechanisms are relatively well under-
stood.184,185

Froth flotation is used in the mining industry for mineral recovery from the
soil.186 In a typical mineral flotation process, air bubbles are used to capture hy-
drophobic mineral particles in aqueous dispersion. Internally hydrophobic air
bubbles attract hydrophobic particles due to the hydrophobic forces. Mineral
capture consists of three areas: 1) collision 2) attachment and 3) detachment.187

In a collision, a mineral particle and an air bubble come into contact due to the
suspension hydrodynamics. At a certain sufficiently close distance, the attrac-
tive surface forces start to have an effect. The particle attachment on an air bub-
ble, associated with a formation of a three-phase contact line, is mainly dictated
by the stability of the wetting film between the air bubble and the surface.188 If
the attractive forces between the air bubble and the particle are stronger than
the forces underlying surface wetting, the water film will drain and eventually
rupture (Figure 6a). Attached particles can be removed from the air bubble if
kinetic energy exceeds detachment energy.

Like in foam forming, in the flotation system bubbles also collide with the solid
surfaces due to the hydrodynamic flow. The attachment requires that the rup-
ture is relatively fast (less than 10 ms). Thus, the drainage kinetics of the wetting
film are also an important aspect in flotation.189,190 Simple bubble-particle colli-
sion systems have been used to study the bubble attachment kinetics with min-
eral surfaces, including mica, quartz, Teflon, graphite and molybdenite in the
presence of ionic and non-ionic surfactants.190-194

   The stability of the wetting film between a particle and an air bubble is a com-
bined effect of the hydrodynamic pressure and the repulsive pressure (disjoin-
ing pressure) originating from the surface forces.195 VDW and EDL forces or
even steric effects can stabilise the wetting film and prevent the bubble attach-
ment, while hydrophobic attraction can induce bubble attachment. The modifi-
cation of particle surface wetting and hydrophobic interaction, for example with
surfactants (Figure 6b), can be used for a selective separation of valuable min-
erals from gangue (non-usable minerals).189,190
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Figure 6. (a) Illustration of wetting film stability and bubble interaction with hydrophilic and
hydrophobic surface in water. (b) The effect of anionic surfactant (SDS) adsorption on the
wetting film stability and bubble attachment on a hydrophobic surface in surfactant
concentration under, close and above CMC.

In addition to surfactants, depression of bubble attachment can be achieved
by using inorganic substances or organic polymers. The function of inorganic
substances is based on chemical reaction (e.g. oxidation of pyrite by sulphite
ions) that reduces surface hydrophobicity. In turn, organic polymers adsorb on
mineral surfaces altering the wetting behaviour of the surface. Biopolymers
such as carboxymethyl cellulose (CMC),196,197 guar gum,198 starch,199 dextrin,200

and chitosan201 can be used as depressants in foam flotation, and they are also
a more environmentally friendly option for surface modification in mineral flo-
tation. The attachment of polymer depressants on a hydrophobic mineral sur-
face decreases the bubble–mineral interaction and thus the floatability. In the
case of CMC, the depressant effectiveness can be controlled by the substitution
degree of the polymer; the lower the substitution degree, the lower the proba-
bility of bubble attachment to the mineral surface.196 This is linked to the ad-
sorption efficiency of the polymer on the surface and its effect on the surface
hydrophobicity.

 The behaviour of a single bubble on cellulosic model surfaces has been mainly
demonstrated in the above-mentioned mineral flotation studies. In our study
(Paper IV), we prepared hydrophobic and hydrophilic cellulose model surfaces
by spin coating so that the surface could be considered to consist fully of pure
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cellulose. SDS adsorption and bubble attachment on these smooth and homo-
geneous model surfaces was studied in detail, and a simple theoretical frame-
work was proposed to explain the experimental observations. Later the gathered
knowledge from Paper IV was used to predict and explain the bubble-fibre in-
teraction in an actual foam-forming system (Papers V and VI).

3.4 Bubble-fibre interactions

Adhesion of air bubbles on natural cellulose fibre surfaces have been ad-
dressed in several studies.141,156,202 There is no clear three-phase contact for-
mation between bubbles and a fibre, but rather a weak attraction. This behav-
iour is unexpected as both bubbles and fibres have a negative surface charge in
aqueous solutions,203 and the interaction mechanisms have remained unclear.

As mentioned, de-inking processes based on froth flotation are technologies
where bubble–particle interaction is important. Ideally, only ink particles are
adsorbed on the bubble surfaces, but in fact some flotation of fibres may also
happen. The main reason for the fibre removal with froth might be physical en-
trainment of fibres with the air bubbles,204-206 rather than actual bubble attach-
ment to fibres. However, there are publications stating that some of the entrain-
ment could arise from the attractive hydrophobic forces between bubbles and
fibres.207,208 Lignin could be a source of this kind of hydrophobic moiety on fibre
surfaces. As discussed in the previous section, surface nanobubbles (radius 10–
500 nm) have been proposed to play a role in the hydrophobic interactions.209,210

Rough surfaces with pores and cavities easily trap air inside, and this entrapped
air can attract bigger bubbles in the surrounding system. Surface nanobubbles
have been addressed as an important factor to enhance flotation recovery.211,212

Direct imaging of nanobubbles on fibre surfaces in a liquid environment with
new sophisticated imaging methods such as AFM or SEM is challenging, and
therefore has not been conducted yet. Ajersch & Pelton (1996)204 studied bubble
adhesion and bubble formation (heterogeneous nucleation) on fully wetted fibre
surfaces with a light microscope. They did not observe adhesion or bubble
formation , and therefore they proposed that the bubble formation requires
existing air in the fibres in the form of gas pockets captured in the surface pores
(Figure 7). In this work it is also proposed that  the gel-like fibre surface
(surface fibrils) could also entrap some air (Paper V).

In the case of a fully hydrophilic fibre, the surface wetting is fast, and water
enters the fibre-wall pores rapidly. Depending on the shape of the pores. the
speed of the wetting or gas release can be altered. However, if the fibre has hy-
drophobic regions, the gas inside fibres can be thermodynamically stable if the
contact angle of the surface is ≥90°. These high contact angles are not common
for natural fibres but could exist locally in surface microcavities. Critical pore
radius for such a cavity to hold the air has been approximated to be 0.4 µm.204

In a cavity like this, the air-liquid interphase would have a concave shape as the
air diffuses towards the fibre rather than to the liquid phase. The air would
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remain inside the cavity permanently if left undisrupted. In the case of bigger
cavities or surface pores and pits (>0.4 µm) (Figure 7), the hydrophobic sur-
face would hinder the air release from the fibre, causing delayed surface wetting.
It has also been pointed out206,213 that in a dynamic system, in which bubbles
and fibres are in constant movement, the energy arising from a bubble-fibre col-
lision can lead to bubble adhesion if the wetting film ruptures. If the advancing
contact angle is greater than zero, the bubble then stays attached to the fibre
surface.

Figure 7. (a) SEM image of a kraft pine fibre © VTT and (b) scheme of a possible sources of
entrapped air on a fibre surface based on description of © Michel Ajersch 204

The subject of dynamic bubble-fibre systems is challenging due to the natural
variation in surface chemistry and the morphology of cellulose fibres. This ex-
plains the controversial conclusions that have been reached with regard to the
bubble–fibre interaction. To clarify the interaction mechanisms between aque-
ous foam and fibres in the forming process, a systematic approach was per-
formed (Paper V). We started with a simplified system, under a controlled en-
vironment involving single bubbles and spin-coated cellulose nanofibre rough
surfaces, and later continued with more complex natural fibres. Cellulose is the
main component of natural fibres, but given amounts of lignin and hemicellu-
loses can be found depending on the fibre type and processing method.214 While
chemi-thermomechanical pulp (CTMP) can contain up to 30% lignin,215 kraft
pulp has only 5% or less.214 This translates to a lower water contact angle for
kraft pulp (30°) when compared to CTMP (45°).215,216 Man-made viscose fibre
(regenerated cellulose) is, however, made of pure cellulose and has a water con-
tact angle in the range of 25°–35°.217

The foam-formed structures were expected to be sensitive to both the fibre
hydrophilicity and the surfactant type and concentration through their effect on
foam properties. Foam properties in turn affect the final material properties,
such as mechanical strength. In the final phase (Paper VI), the relationship
between the aqueous fibre foam and the formed dry structure properties was
studied by preparing foam-formed materials using hydrophilic and hydropho-
bic fibres and different surfactant types. Besides analysing the final structural
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properties, the mechanical properties were determined as well. This led to im-
portant conclusions on the interplay of fibre surface and surfactant chemistry
in setting the various material properties.
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4. Experimental

4.1 Materials

4.1.1 Chemicals

  Propane (class 2, UN 1965: 95% propane and 5% butane) and liquefied nitro-
gen (LN2) was purchased from AGA Gas Ab, Lidingö, Sweden. Acetone (AE,
99.9%) was obtained from Sigma-Aldrich, Darmstadt, Germany. Sodium caco-
dylate (NaCac, R1104, Agar Scientific, Stansted, UK) was acquired as a powder
and a 0.4 M buffer stock-solution was prepared using ultrapure water. Glutar-
aldehyde (GA, 25% solution for electron microscopy) was obtained from Merck
(Darmstadt, Germany) and used as a 2% solution in 0.1 M NaCac-buffer solu-
tion (pH 7.4). Osmium tetroxide (OsO4, Electron Microscopy Sciences, Hat-
field, USA) was a 4% solution, which was diluted to a 2% stock solution with
ultrapure water (Papers I and II).

Wet-end grade cationic starch (Raisamyl 50021) with a degree of substitution
0.035 and cationic polyacrylamide (CPAM, Fennopol K3400R) with molecular
weight of 6 to 7 mg/mol and charge density of 1 meq/g were received from
Kemira (Finland). A dry powder of anionic long chain copolymer of acrylamide
and acrylic acid (anionic micropolymer, SP7200) was received from Solenis
(Paper III).
  Chlorotrimethylsilane (CTMS) was purchased from Sigma-Aldrich (Germany),
xylene from Prolabo (France), and toluene from VWR International (France).
Diiodomethane (DIM) was obtained from Sigma-Aldrich (India), formamid
from J. T. Baker (Netherlands), and ethylene glycol from Fluka, Switzerland.
Sodium chloride (NaCl) and sodium hydroxide (NaOH) was purchased from
Merck (Germany). Branched polyethylenimine (PEI) (30%, MW 50,000–
100,00) was obtained from Polysciences, Inc. (United States) (Papers IV and
V). Ethanol (EtOH, absolute AA, Etax) was obtained from Altia Oyj Rajamäki,
Finland.

Trimethylsilyl cellulose (TMSC, Figure 8, Paper IV) was synthesised from
microgranular cellulose (MC, Sigma-Aldrich, Germany)218 by dissolving  the MC
in lithium chloride in dimethylacetamide (Sigma-Aldrich, Germany) and then
heating the solution to 80 °C in nitrogen atmosphere. Hexamethyldisilazane
(HMDS, Sigma-Aldrich, Germany) was then added to the heated solution.
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TMSC was crystallized out of the solution during cooling, which could be en-
hanced by adding some methanol. Liquid-state NMR (Bruker Avance III 500)
was used to determine the degree of substitution (DS 2.5).

Figure 8. Synthesis of TMSC from cellulose using HMDS and regeneration back to cellulose
with HCl.

Surfactants (Figure 4, Papers IV, V and VI), anionic surfactant sodium
dodecyl sulphate (SDS, molecular weight 288 g/mol, purity ≥99 %) and non-
ionic polyethylene glycol sorbitan monolaurate (Tween 20, molecular weight
≈1228 g/mol, purity 100 %) (Sigma-Aldrich, Germany), were of analytical grade
and used without further purification. Commonly used and well studied SDS
has a negatively charged sulphate headgroup and C-12 carbon tail. Due its small
size SDS has fast foaming properties. Tween 20 (also known as polysorbate-20)
consists of ethoxylated sorbitan molecules with 20 units of polyethylene glycol
and 12-carbon long fatty acid chain. Tween 20 is large in size and thus a slower
in foam generation but more stable than SDS. Tween 20 is also FDA-approved.

4.1.2 Fibrillated cellulose materials

  TCNF (Papers I, II and III) was prepared from never-dried birch kraft pulp
using TEMPO-mediated oxidation and fluidisation.29 TEMPO reagent, sodium
bromide and NaClO in pH 10 at room temperature were used to oxidise the fi-
bres. Oxidised fibres were then microfluidised with a microfluidiser (M7115–30,
two passess). Prepared TCNF had the surface charge of 1.0 mmol/g, the fibril
width around 4 nm, and the viscosity of 28.4 Pa·s (at 10 rpm).

CMF was prepared from bleached, never-dried birch kraft pulp by mechanical
disintegration without any chemical treatments.219 Firstly, pulp fibres (1.7%
consistency) were pre-refined with a grinder at 1,500 rpm (MKZA10–15J, Ma-
suko Sangyo Co.) and then fluidised at an operating pressure of 1,800 bar (Mi-
crofluidics M–7115–30). The CMF (1.9% consistency) was produced after three
passes (Paper VI), five passes (Papers I, II and III), and nine passes (Paper
V). Prepared CMF had the surface charge of  0.02−0.05 mmol/g, the fibril width
were between 15 nm and 105 nm, and the viscosity of 11.3 Pa·s (at 10 rpm).

4.1.3 Fibre types

  Bleached softwood kraft pulp (Metsä Board, Äänekoski) was refined with a
Prolab refiner (Valmet, Finland) to SR 25 at 3.6% consistency using conical fill-
ings and specific refining energy of 135 kWh/t (Papers II and III). Pre-refined
bleached pine kraft pulp (3.7% consistency), bleached birch kraft pulp and
chemi-thermomechanical pulp (pine CTMP Hyper BC6100, 1.1% consistency)
were provided by Metsä Board Äänekoski. CTMP was wet disintegrated before
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use (EN-ISO 5263–2 Part 2.). Birch kraft pulp was refined to Schopper-Riegler
(SR) number 26 (3.15% consistency, KCL Espoo, Paper V). Fibre properties
measured with optical image analyser (Fibre Tester) are shown in Table 1.

Viscose fibres (Kelheim Fibers, Germany), included hydrophobised Olea
(KSH 1.7 dtex/5 mm) and hydrophilic Danufil (KS 1.7 dtex/6 mm, 1 mm and
0.35 mm) (Papers V and VI). Declared water contact angles were 100° for
Olea and 25° for Danufil. To activate the hydrophobic nature of Olea, fibres were
heated for 2 h at 130 °C. Both viscose fibre types had similar shape and mechan-
ical properties (Paper VI).

Table 1. The fibre geometric properties measured using the L&W Fibre Tester Plus analyser

(ABB). Kraft pine and kraft birch pulps were bleached.
Mean
length,
mm

Mean
width,
µm

Mean
shape,
%

Mean
fines,
%

Crill
Quota
UV/IR*

Mean
kink
angle,°

Number
of kinks
per fibre

Kraft pine
SR 25

2.07 30.0 87 19 1.12 61 0.5

Kraft pine
SR16

1.98 29.1 83 24 1.12 55 1.1

Kraft
birch
SR26

0.95 21.8 91 22 0.97 50 0.4

CTMP 0.94 29.1 91 56 1.13 46 0.2

Viscose
1mm

1.01 17.4 97 1 0.81 65 0.0

*The crill describes the relative number of the cellulose microfibrils in the sample (attached and detached
from the fibres) by using ultraviolet (UV) and infrared (IR) light. UV light detects both fibres and fibrils,
while IR detects only fibres. Results are given as a dampening ratio of UV/IR light. 220

4.1.4 Preparation cellulose and CNF model surfaces by spin–coating

   Three different kinds of model surfaces were used with different hydrophobi-
city and roughness (Figure 9, Papers IV and V). Preparation of smooth hy-
drophilic and hydrophobised silica surfaces is explained in Paper IV in more
detail.

Figure 9. Model surfaces and their contact angles used in this study
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Cellulose model surfaces221 included hydrophobised cellulose and regenerated
cellulose (Paper IV). Hydrophobised cellulose was prepared by spin-coating (1
min at 4000 rpm, WS-400BZ–6NPP/Lite, Laurel Technologies, USA) of TMSC
solution (10 g/L in toluene) onto a cleaned silica wafer (Okmetic, Espoo, Fin-
land) and drying at 60 °C for 10 min. The TMSC was regenerated back to cellu-
lose with HCl vapour. Partial regeneration of cellulose was achieved by changing
the regeneration time in HCl vapour222 (Figure 10).

Thin CNF films92 were prepared by spin coating CNF solution onto a PEI
treated silica wafers (Okmetic, Espoo, Finland) (Paper V). Firstly, diluted CNF
(0.15% consistency) was defibrillated by ultrasonication (10 min at 25% ampli-
tude, Branson 450 digital sonifier, United States) and then centrifuged (45 min
at 10,400 rpm, corresponding to the relative centrifugal force of c.a. 14000 g),
Eppendorf Centrifuge 5804 R, Germany). Clear supernatant was used for the
spin coating (1.5 min at 3000 rpm, WS-400BZ-6NPP/Lite, Laurell Technolo-
gies, USA). CNF films were dried at 80°C for 10 min.

Figure 10. TMSC-coated wafers were placed under HCl vapour in a desiccator and
regenerated back to cellulose. Partial regeneration of cellulose was achieved by changing the
regeneration time in HCl vapour.

4.1.5 Degassed CNF surfaces and fibres

Degassing of CNF film and on fibre surface (Paper V) was performed using a
vacuum. Liquids were degassed using filtering flasks and a water jet pump (30
min at 20 mbar vacuum) so that no bubbles appeared in the liquid anymore.
The CNF thin films were degassed in a similar fashion by placing the CNF in a
liquid filled Petri dish and then into a desiccator. The same method was also
applied to the fibre bed samples, except that the fibres were first placed in a
vacuum flask with dilute fibre suspension. After degassing as above, 10 ml of
fibre suspension was ultrasonicated (20 s with 20% amplitude) to ensure the
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removal of any nanobubbles. The experiments were carried out immediately
after degassing.

4.2 Methods

4.2.1 Gentle drying methods and specific surface area

Cryofixing of TCNF/CMF gel or fibre slurry was performed using LN2 (cryo-
LN2) and LPGS (cryo-LPGS). Sample drop placed on a TEM grid (300 mesh)
was plunged into a cryo-liquid and dried overnight in a freeze drier (–50 °C un-
der vacuum, Christ LOC-1m). For CPD, samples were first solvent-exchanged
with 1) GA, OsO4 and EtOH or 2) EtOH and AE. In the first method samples
were fixed for 4h with GA (2%) in a 0.1 M NaCac buffer (pH 7.4). Samples were
washed (0.1 M NaCac buffer) and then treated with OsO4 (1%) in 0.1MNaCac
for 30 min and washed again. Fixed samples were dehydrated with EtOH step-
wise: 50, 70, 90, 95 and 2 x 99.5% for 30 min (final step overnight). In the sec-
ond method, untreated samples were dehydrated with EtOH and AE similarly
than in the first method but last step was done in AE overnight. The CPD (Leica
CPD 300) run included 16 exchange cycles of CO2 at medium speed (speed value
5) without stirring. The dried samples were kept in a desiccator until further use
(Figure 11, Papers I and II).
   Brunauer-Emmett-Teller (BET) method223 was used to determine  the specific
surface area (SSA) of the TCNF (Paper I). The dried TCNF (70 mg) was first
degassed in a vacuum (125 °C for 4 h) in an N2-sorption device (Micromeritics
3Flex Version 4.04). The adsorption data was collected under a relative nitrogen
pressure (0 to 0.99) at –196 °C. The average equivalent pore size was calculated
from the achieved data using the Barrett-Joyner-Halenda (BJH) theory.

Figure 11. TCNF/CMF gel and fibre slurry were gently dried by cryofixing and CPD before HIM
imaging. Reproduced with FRC permission (Paper II).
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4.2.2 Imaging techniques

A helium ion microscope (Zeiss Orion Nanofab) was used for visual character-
isation of the mild dried CMF and fibre samples (Papers I and II). An accel-
eration voltage of 30 kV and an ion current in the range of 0.1 pA were used. A
beam aperture was 10 μm, line averaging was 8 or 16 lines, dwell time 1.0 μs and
working distance 9 mm. An image size was set to 1024 x 1024 pixels. No con-
ductive coating was used and sample charging was neutralized with an electron
beam from a flood gun (energy 750 eV). Pressure in the measurement chamber
was approximately 1.3·10-5 Pa.

Visual appearance of some of the fibres (Paper V) was also characterised with
a field-emission scanning electron microscope (FE-SEM, Zeiss Merlin, Ger-
many) using an acceleration voltage of 2 keV and a probe current of 60 pA. The
dry fibres were sputter-coated (Leica EM ACE200 Germany) with nm thick
Au/Pd layer prior imaging. For imaging, the fibres were dried using CPD.

Surface morphology and roughness (Papers IV and V) of the CNF thin film
in air were determined with an atomic force microscope (AFM, Analys Instru-
ments, afm+). Scanning was done in the tapping mode with a resonance fre-
quency of 200–400 kHz using the silicon cantilevers (AppNano, ACTA-10, tip
size ˂10 nm). Surface roughness variation and root mean square value (RMS)
was determined with Analysis Studio software.

Structural analysis of fibre materials (Paper VI) was performed using X-ray
tomography (RX Solutions, Chavanod, France) and computational analysis.
Samples were cut in pieces (2 cm × 2 cm × 2 cm) and imaged (40 kV X-ray tube
voltage, 16 W electron beam power) for 30 min. 1600 projection images (360°
of rotation) were collected with a pixel size of 17 μm and exposure time of 0.25
s. The signal-to-noise ratio was increased by averaging five projection images
per angular step. Reconstruction of the projections into volume images was
done using the filtered back projection algorithm and visualised using Voreen
software.224  The volume images were threshold to create a fibre segmentation.
The threshold value was decided using the Huang method225 and was kept the
same for all the images as the samples were made of similar material and imaged
with an identical imaging procedure. Threshold images were then used to ana-
lyse the fibre orientation, the pore size distribution and the mean solid segment
length. The details of the analysis are described in Paper VI.

4.2.3 Rheological properties

Viscoelastic properties (Paper II) of CNF (1.06% consistency) and CMF
(1.97% consistency) were measured using a hybrid rheometer (TA Instruments,
Discovery HR-2) with flat plate geometry (20 mm diameter, operating gap 1,500
µm) in oscillation mode in room temperature. A metal cover was used to mini-
mise sample evaporation. Measurements were repeated four times. The linear
viscoelastic regime were first defined with the oscillation strain sweeps (0.01 to
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10%, at 1 Hz) and then the oscillation frequency sweeps were performed in the
range of 0.1–100 rad/s at 0.1% strain for CMF and at 1.0% strain for CNF.

4.2.4 Water-laying of CMF and TCNF reinforced fibre webs

Water laying of fibre webs (60 g/m2, Lorenzen & Wettre laboratory sheet for-
mer) was carried out according to a modified SFS-EN ISO 5269-1 (2005) stand-
ard without white water recirculation (Paper III). The pH of the pulp suspen-
sion was adjusted to 7.5 with NaOH and the conductivity to 1000 µS/cm with
NaCl. The retention system included cationic starch (1.5% per dry fibre, 3o min
interaction), CPAM (0.02% per dry fibre) and anionic micropolymer (0.02% per
dry fibre). A ten-second delay was used between the retention aids and cellulose
fibrils. TCNF additions were 2%, 5%, 7% and 14% and CMF additions 1%, 7%,
20% and 35%. Dilute suspensions (0.5%) of cellulose fibrils were stirred with a
laboratory disperser for 15 min before use to open fibril bundles. For spray ap-
plication, the fibre webs were first formed without the additive and then cellu-
lose fibrils were sprayed at 0.5% consistency (with CPAM 0.01% per dry fibre).
Spraying was done with an electrospray gun and added volume was controlled
with a balance.
   The formed webs were wet pressed (50 kPa or 350 kPa, 5 + 2 min) and dried
unrestrained between wire fabrics with a gap (~3 mm), allowing free shrinkage
of the webs without excessive wrinkles. Part of the webs were also restrain-dried
via standard plate drying. Drying and conditioning of the webs were done at 23
°C and 50% relative humidity (ISO 187 (1990)).

Fibre web shrinkage was determined by punching four holes with a standard-
ised metallic plate on the wet sheets and measuring the perimeter before and
after drying. Paper mechanical properties were determined according to ISO
standards; basis weigh SFS-EN ISO 536 (2012), density SFS-EN ISO 534 (2011)
and tensile strength SFS-EN ISO 1924–2 (2008). The wet web strength and
strain at break were measured with an Impact Test rig.226

4.2.5 Contact angle and surface energy of cellulose surfaces

The contact angles of sessile drops (4 μl) on the model surfaces (describing the
surface hydrophobisity) were measured with an optical tensiometer (Attension
Theta, Biolin Scientific) (Papers V and VI). In steady conditions, the surface
wetting by the liquid is described by the drop contact angle (θD) as stated by the
Young’s equation (see Equation 3 and Figure 5).

4.2.6 Surfactant adsorption on cellulose

  SDS adsorption cellulose model surfaces in different concentrations (0.7, 7.0
and 70.0 mM) was determined with a quartz crystal microbalance with dissipa-
tion (QCM-D, Q-sense, Biolin Scientific, Espoo, Finland) (Paper V). The SiO2
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crystals were coated with TMSC and cellulose like described with the silica-wa-
fers (see section 3.1.4). To set the baseline, the model surfaces were first
rinsed with water (500 s) and then SDS was injected into the cell (flow rate 0.1
mL/min). SDS adsorption was recorded for 30 min. Detected frequency reduc-
tion  (Δf)  indicates  surfactant adsorption, and dissipation increase (ΔD) de-
scribes the changes in the adsorbed layer structure (softening and thickening).
Apparent adsorbed mass (Δm) and apparent height (h) of the adsorbed layers
can be approximated by the Sauerbrey equation (Sauerbrey, 1959) (Equations
s 6 and 7).

∆𝑚 = −𝐶
∆𝑓
𝑛

(6)

ℎ =
∆𝑚
𝜌

(7)

  where C is a constant 17.7 ng/Hz·cm2, Δf is the frequency change, n is the over-
tone of the oscillations, and ρ is the density of the substance. For SDS, a density
value of 1.08 g/cm3 was used in the calculations. The Sauerbrey equation is valid
for rigid thin films with low dissipation and low viscoelasticity. With large dis-
sipations, like in this study, the calculated values of film thickness are consid-
ered as indicative results.

4.2.7 Single bubble interaction

   The bubble adhesion to model surfaces (Figure 12, Papers IV, V and VI)
in different liquid environments was examined using the captive bubble
method227 and an optical tensiometer (Attension Theta, Biolin Scientific). The
solutions used were deionised water (normal and degassed), NaCl, tap water
(normal and degassed), SDS and Tween 20. The system consists of a quartz cu-
vette (Hellma Analytics, 20mm) containing the sample solution and a hooked
needle to create the bubble. The model surface was immersed in the liquid fac-
ing the bottom of the cuvette, and then a bubble (volume 4 μl) was created with
the hooked needle underneath the surface. The bubble was first allowed to sta-
bilise (600 s), then pressed against the surface (100 s) and withdrawn. In the
case of bubble attachment, the bubble contact angle was recorded. Otherwise
the bubble elongation during needle withdrawal was recorded. A more detailed
description of the used captive bubble method can be found in Paper V.
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Figure 12. The captive bubble method was used to investigate bubble adhesion on the model
surfaces in a liquid environment. Reproduced with FRC permission (Paper V).

The optical tensiometer (Attension Theta, Biolin Scientific) was also used in
the fibre bed method to study the fibre attachment to bubbles in different liquid
environments (Figure 13, Paper V). The fibre bed has been inspired by the
Automated Contact Time Apparatus (ACTA).228,229 The test solutions included
normal and degassed deionised water and SDS. A thin fibre bed was created at
the bottom of the cuvette (8 ml) and a straight needle was used to create the
bubble (1.0 ± 0.5 μl). The bubble was stabilised (600 s) and then pressed against
the fibre bed (100 s) and withdrawn. Bubble attachment probability was calcu-
lated from the achieved results.

Figure 13. The fibre bed method was used to investigate fibre attachment to bubbles in a liquid
environment. Reproduced with FRC permission (Paper V).

Figure 14 shows the scales of different sizes between the solid surfaces and
bubbles. In the captive method studies, the bubble radius was 1 mm, classified
as a microbubble,230 while the surface was 10mm x 10mm. In the fibre bed stud-
ies the bubble radius was 600 µm, which was the smallest bubble size achievable
in the current system. Bubble interaction was determined with natural wood
fibres (1–2 mm in length and 20–30 µm in width). In the actual fibre foams, the
bubbles are microbubbles (25–80 µm) interacting with natural or man-made
fibres of different lengths.
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Figure 14. Scales of bubbles and fibres of different methods. (a) Captive bubble methods were
used to study the model surfaces in Papers III and IV, (b) Fibre bed was used to study the real
fibres (Paper V) and (c) shows the fibre-bubble dimensions in fibre foams (viscose fibres were
used in Paper VI).

4.2.8 Foam forming and bubble size analysis

  Bulky foam formed fibre structures (1300 g/m2, Table 2) were prepared
from hydrophobised and hydrophilic viscose fibres using SDS and Tween 20
surfactants as foaming agents. CMF (5% per fibre) was used for structure
strength in otherwise poorly  bonding material.144

Table 2. Foam-formed structures (basis weight of 1300 g/m2) prepared using hydrophobised
(“o”) and hydrophilic (“i”) viscose fibres and SDS and Tween 20 surfactants.

Sample Viscose fiber type CMF Surfactant (mM)

Hydrophobized Hydrophilic SDS Tween 20

1-o-S 100% 5%
2.12-i-S 100% 5%

3-o-T 100% 5%

5.34-i-T 100% 5%

5-oi-T 50% 50% 5%

In the procedure, fibres, surfactant and water are all added in a container (3
L) and foamed with a laboratory scale mixer (3800 rpm, Netzsch, Hedensted,
Denmark) (Figure 15a). The impeller (Ø  83 mm) was a circular plate with two
opposing 25° bends.149 Fibre suspension (3% consistency) was foamed until ap-
proximately 65% air content was achieved. Air content of 65% enables the bulky
and porous  dry material structure but still the foam is easily processable.135,231

The forming was done by pouring the foam into a mould and drained through
a forming fabric (10 min, no vacuum) (Figure 15b). The thick wet structure
was dried overnight (70 °C). To eliminate the effect density on material strength

Bubble 4 µl
Diameter 2 mm

Captive bubble -
Model surface 10
mm x 10 mm

Fibre bed
SW (2mm) and
HW (1mm) fibres
(30 µm width)

Bubble 1 µl
Diameter 1.2 mm

Bubble 0.0005 µl
Diameter 0.1 mm

Fibre-foams
Viscose (5mm),  SW (2mm)
and HW (1mm) fibres
(30 µm width)

a)

b)

c)



Experimental

39

the structures were pressed to similar density after drying by first rewetting to
a solids content of 50% with a water spray, compressing between metal plates
to a final thickness (ca. 2 cm, density of about 64 kg/m3) and drying again over-
night (70 °C). The structural pores are partly collapsed during pressing the over-
all trends in the pore size distribution remain the same.144 The foam and dry
structure properties are listed in Table 3. The forming procedure has been de-
scribed in detail in the literature.6

Figure 15. (a) Fibre foam with an air content of 65% (b) A foam forming mould (c) Illustration of
the foam flow in the foam mould showing the x-,y- and the thickness direction of the structure.
Reproduced under a CC-BY licence (Paper VI).

Table 3. Fibre-foam and dry structure properties. The standard deviations describes the
differences between the two repetitions for each sample. Two parallel 21 cm × 30 cm sheets were
prepared for each trial point except in the case of sample 5-oi-T, for which only one sheet was
made.

Sam-
ple

Foam-
ing time

(s)

Air
con-
tent
(%)

Thickness
before com-

pression
(cm)

Basis
weight
 (g/m2)

Thickness af-
ter compres-

sion
(cm)

Density
(kg/m3)

1-o-S 430 ± 80 65 ± 1 5.0 ± 0.5 1300 ± 80 2.03 ± 0.01 64 ± 4

2-i-S 470 ± 14 65 ± 1 6.5 ± 0.5 1280 ± 20 2.07 ± 0.05 62 ± 1

3-o-T 550 ± 20 65 ± 3 5.8 ± 0.3 1350 ± 40 2.04 ± 0.02 66 ± 2

4-i-T 490 ± 57 63 ± 1 5.5 ± 0.5 1335 ± 5 2.07 ± 0.02 65 ± 1

5-oi-T 600 62 ± 1 5.3 ± 0.3 1260 1.95 ± 0.01 65
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The bubble size distribution (Paper VI) of fibre-foams was determined by
collecting foam into a cuvette (two microscope slides separated by a small dis-
tance 1.6 mm) and then imaging using a microscope equipped with a CCD cam-
era and a backlight (Schott Fostec DCR II). The width of the imaged area was
2.00 mm, the depth of view was about ±25 μm and the exposure time of was 120
ms. Pixel number in the CCD-element was 2456 (H) x 2058 (V) and the pixel
size 3.45 μm × 3.45 μm. The Circular Hough Transform was used as the pattern
recognition algorithm, in conjunction with a non-biased rule for sampling the
partially visible bubbles in an image. This algorithm is suitable for wet foams
with almost spherical bubbles. A more detailed procedure can be found in the
literature.232

4.2.9 Mechanical properties and surfactant residues of foam formed
structures

  Mechanical property testing of foam-formed structures included compression
tests and Z-directional tensile strength (Paper VI). Surfactant residues in the
samples were measured to evaluate the possible effect of remaining surfactant
on the strength properties.
  In the compression tests (Instron universal tester, model 5969, Norwood,
USA), the samples were pressed between two plates (load 50 kN), and during
withdrawal the strain was measured with an extensometer (displacement speed
2mm/min, Imetrum, Bristol, UK). The samples were cut into 4 cm × 4 cm × 2
cm and 2 cm × 2 cm × 2 cm sizes for the z-directional and x-directional com-
pression tests, respectively. Five repetitions were performed.
   Z-strength was measured with A Lloyd LR10K universal tester (Lloyd Instru-
ments Ltd., Bognor Regis, West Sussex, UK) by first pressing the attached sam-
ples between the measurement plates (20 N, 30 s) and then displacing the plates
with a speed of 80 mm/min. Samples size was 5 cm × 5 cm × 2 cm and five
repetitions were performed.
  SDS and Tween 20 residues in foam-formed structures were determined using
solvent extraction spectrophotometry (Hach, United States) and the surfactant
vial tests (LCK 432 for anionic SDS, and LCK 333 for non-ionic Tween 20).233

Samples were disintegrated in deionised water (0.25 g/100 ml), filtered (What-
man 40) and rinsed with deionised water. The filtrate was filtered again with a
membrane filter (0.45 μm ME 25) and diluted to a final volume (1000 mL). Di-
luted filtrate was then used for the surfactant vial tests. Two repetitions were
performed.
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5. Results and discussion

This section highlights the most relevant results concerning the core of this
thesis and answers the research questions. More detailed results and discussion
can be found in the attached Papers I–VI.

5.1 Gel-like fibre surfaces and fibre web strength

5.1.1 Gel-like viscoelastic behaviour of cellulose fibrils

Cellulose fibrils in two different dimensions were used in the study. TCNF was
used to evaluate the suitable gentle drying method for HIM imaging (Paper I),
and CMF was considered to be a model material for fibre surface fibrils (Paper
II). The viscoelastic properties and gel-like CNF and CMF were verified using a
rheometer at consistencies of 1.06% and 1.97%, respectively (Paper II).

Elastic (G') modulus was an order of magnitude higher than the viscous (G")
modulus and did not depend on the frequency. The phase angle was also below
45° with both cellulose fibril samples (Figure 16). The elastic modulus was
higher with CMF than with CNF due to the higher dry solid content. According
to this data, both materials could be classified as gels, as has been shown in the
literature many times.13,234,235



Results and discussion

42

Figure 16. (a) Oscillation amplitude sweep as a function of oscillation strain (%) and (b) fre-
quency sweep as a function of angular frequency (rad/s) of CMF (sphere) and CNF (square)
CNF. Storage modulus (G', black), loss modulus (G", white) and phase angle (δ, grey). Red
marks indicate the strain values where the material structure starts to break. The data is repro-
duced with FRC permission (Paper II).

5.1.2 Gentle drying of cellulose fibrils

Four different gentle drying procedures were investigated for optimal drying
of TCNF (Paper I):

(1) Cryo-LN2 – cryofixing with LN2 followed by freeze drying
(2) Cryo-LPGS – cryofixing with LPGS followed by freeze drying
(3) CPD (GA, OsO4) including sample fixation with glutaraldehyde (GA) and
osmium tetroxide (OsO4) and dehydration with ethanol (EtOH)
(4) CPD (EtOH, Ac) – CPD including only dehydration with EtOH and ace-
tone (AE)

The visual appearance of cryofixed and CPD was already clearly different (Fig-
ure 17). Cryofixation resulted in white polystyrene-like cryogels while CPD
treatment turned the samples light blue and slightly transparent. The hint of
blue in the CPD samples was attributed to Rayleigh scattering,119,236 indicating
that the CPD treatment really managed to produce fine porous structure for the
sample. This was also seen in the measured SSA of the samples.

   The quantitative evaluation of the efficiency of the gentle drying methods
was performed using BET analysis. The CPD (EtOH, Ac) samples had an SSA of
386 m2/g, CPD (GA, OsO4) had an SSA of 375 m2/g, cryo-LPGS 172 m2/g and
cryo-LN2 42 m2/g (Figure 17). The CPD treatment clearly preserved the open
pore structure better than cryofixing. The calculated equivalent fibril diameters
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were 7 nm for CPD sample and 15 nm and 60 nm for cryo-LPGS and cryo-LN2
samples. The higher fibril diameters of cryofixed samples indicate fibril agglom-
eration during drying. CPD (EtOH, Ac) also had a higher equivalent pore size
and pore volume than the other samples.
   Similar high SSA values (500–600 m2/g) for CPD-dried TCNF has been re-
ported in literature.38,119 Treatment with GA and OsO4 is often used for biologi-
cal samples for preserving the structure and improving imaging quality. With
TCNF, no significant difference between the GA/OsO4 or EtOH/Ac treatments
was observed. The slightly higher SSA of EtOH/Ac treatment could be due to
the last Ac step, as the CO2 is blends better with AE than with EtOH.237 In the
sample preparation phase, EtOH/Ac was simpler to conduct and had no haz-
ardous chemicals.124

   The poor results of cryo-LN2 could be due to the Leidenfrost effect and ice
crystal formation. The better performance of LPGS over LN2 in material freez-
ing with similar measured SSA values has been shown before.124 The perfor-
mance of LN2 has been shown to improve when a sample is solvent exchanged
before freezing.9,125 This could also work for LPGS but was not tested in this
study.
   Pores under 2 nm or over 50 nm are not accurately detectable by BET. As can
be seen in the pore size distribution (Figure 17), most of the pores in the sam-
ples were in the mesopore and micropore range of 15–100 nm. Thus, BET is
probably not the best method for materials like TCNF. The results can still be
used for comparing differences between the samples in the current study.
   After gentle drying, the TCNF samples were imaged with HIM. CPD samples
had a more homogeneous, finer fibril structure and less film formation com-
pared to cryofixed samples. Cryo-L2 had the highest film formation supporting
the conception of ice crystal formation during sample freezing. Formed ice crys-
tals have pushed the delicate fibrils to the crystal edges, which have then formed
a film during drying.38,125,238,239 Similar structural differences between cryofixed
and CPD-dried CNF have been observed before with SEM.124,128 HIM observa-
tions were generally in line with the measured BET values; however, there were
also observable differences in the fibril dimensions between the two methods.
   Fibril bundles measuring approximately 20–100 nm in width were observed
with HIM in the TCNF surfaces. A single cellulose fibril width is 3–4 nm. TCNF
degraded under the ion beam at higher magnifications and the detection of sin-
gle fibrils was not possible. The degradation was explained by the possible ion-
isation of the cellulose, especially in the weaker amorphous regions, resulting in
the collapse of the fibril structure. The degradation was the most severe with the
porous CPD-dried samples. A helium ion beam can be used for sample milling,
as has been demonstrated with bacteria.112 In our case, cellulose milling was not
a wanted phenomenon and set limitations for the single fibril imaging.

The smallest fibrils observed with the HIM were notably larger than the width
estimates from the BET analysis, possibly due to fibril degradation. Also, only
the sample surfaces were imaged with HIM, which does not represent the whole
structure of TCNF. In the BET measurement, the multilayer adsorption of ni-
trogen can also affect the SSA calculations.
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    TCNF was expected to be a challenging material for both drying and imaging.
The removal of water from the gel-like TCNF structure so that the fine fibril
structure remains open as it is in a wet state was not fully accomplished with the
used cryofixing methods. CPD drying preceded with a solvent exchange by eth-
anol, and acetone was the most suitable method among the procedures tested
in this work. However, we must note that after the solvent exchange the fibrils
are no longer in water, but in a less polar medium. The fibril interactions might
be different than in water as the hydrogen bonding is hindered, which might
increase the fibrillation of the structure in the dried material.
   In general, when selecting a suitable drying method, it is worth considering
whether a highly porous structure is necessary and how much time and effort it
is practical to use. Cryofxing in LN2 or in LPGS is simpler and faster than CPD
and still preserves the structure relatively well.

Answer to question 1:

To preserve the open fibril structure of cellulose fibrils, it is essential to de-
crease the surface tension forces of the surrounding environment. For this, CPD
was proven to be the best method, as at a critical point, CO2 does not have sur-
face tension or clear solid-gas interphase. Sample preparation with solvent ex-
change for CPD can cause some structure collapse, as not all water or solvents
can be fully removed from the cellulose structure. Still, the CPD dried structures
had more open fibril network with larger specific surface area than the cryofixed
samples. The cryofixed samples clearly showed fibre alignment into film-like
structures and larger fibril bundles probably because of the ice crystal formation
during sample freezing.
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Figure 17. (a) N2-sorption isotherms and (b) pore size distribution estimated using the BET
method of the gently dried TCNFs. (c) HIM-images of TCNFs with FoV of 10 mm. Imaging was
performed by first focusing the ion beam (2 mm FoV) and then taking the the actual image (10
mm FoV). Due to the bean focusing, a hole was formed in the middle of the sample. The data
reproduced under a CC-BY licence (Paper I).

5.1.3 Gel-likeness of wet fibre surfaces

HIM imaging was used for visualisation of cellulose fibre surfaces and cellu-
lose fibril material (CMF) to analyse the similarity between these two and to
show the possible gel-like fibre surface. Based on the results from Paper I, CPD
(EtOH, Ac) and cryofixing in liquid propane (cryo-LPGS) were used for sample
drying. The difference between cryofixing and CPD was again visible with fibre
surfaces and CMF (Figure 18 and 19). Cryofixing resulted in larger pore size
in a fibrillated fibre structure and clear film formation. The CPD-dried sample
was fluffier without visible film formation. The fibril structure was also better
dispersed with CPD. The reasons for the differences between the drying meth-
ods were discussed in the previous chapter.

HIM images of fibre surfaces showed the extensive external fibrillation being
partly detached and separated from the more solid fibre surface (Figure 18).
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The detached fibrils were also unevenly distributed over the fibres, protruding
tens of micrometres from the fibre surface. According to the fibril angle on the
fibre surfaces, the fibrillated material most likely originated from the S1 and S2
layers as a primary wall layer P and parts of S1 are usually removed during pulp-
ing and refining. The S2 layer shows strong axial orientation along the fibre axis,
while S1 fibrils clearly diverge from this. Similar observations in the variation of
the fibril distribution on the fibres and layer composition have been made using
HIM and SEM imaging.59,102,103,114,240

Figure 18. HIM images of (a) CPD-dried and (b) cryo-propane freeze-dried kraft pine fibre
(SR26) showing the structure of fibre surface with open fibril structure (Paper II).

HIM images of CMF showed a highly porous and fluffy fibrillated material
structure, as was observed with TCNF in Paper I. The fibrils and fibril bundles
in cryofixed and CPD dried CMF (Figure 19 a,b) were larger than those seen
with TCNF (Figure 17c) due to the larger size of the material in general. CMF
had high resemblance with the partly detached surface fibrils on softwood fibres
also dried using cryofixing and CPD drying (Figure 19 d,e). CMF was dried
from 1.9% solution, and it was shown in Figure 16, that in this concentration
the CMF was clearly gel-like. The visual similarity of CMF and fibre surface fi-
brils indicates that at least in those parts where the surface fibrillation is exten-
sive, the surface also exhibits gel-like behaviour.

After filtration to 15% solid content (Figure 19c), the appearance of CMF
changed to a more compact and consolidated form than seen with directly-fixed
samples. Fibrils were still separated, showing similarities with a fibre S2 layer
(Figure 19f). The main difference between CMF and S2 surface fibrils was the
more random orientation of CMF compared to the strictly oriented S2 fibrils.
The elastic behaviour of CMF increases with concentration and the material
turns more solid-like.13 At 15% solids the CMF was more like a gel-like cake than
a gel-like liquid. This could also apply to the fibres, where the gel-like surface
varies depending on the fibre fibrillation degree. Smoother CTMP fibres still
containing lignin and unfibrillated surfaces, like with viscose fibres, are proba-
bly more soft solid-like materials than actual gels (Table 1, Figure 27a).
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The ion beam degraded both CMF and fibre surfaces at high magnifications in
a similar way to TCNF (Paper I). The more compacted fibril structures (like
CMF after filtration and not fibrillated fibre surface sections) were not as sensi-
tive as highly fibrillated parts, but they started to degrade if the imaging was
prolonged.

Figure 19. HIM images of CMF samples (a, b, c − left row) and kraft fibre (SR25) surfaces (d,
e, f − right row) dried with different mild drying methods: (a) cryo-propane freeze-dried CMF, (b)
CPD dried CMF, (c) cryo-propane freeze-dried CMF filtrated to 15% DSC before freezing, (d)
cryo-propane freeze-dried kraft fibre (e) CPD dried kraft fibre (f) cryo-propane freeze-dried kraft
fibre. Reproduced with FRC permission (Paper II).
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Increase in surface fibrillation with addition of carboxymethyl cellulose

The effect of CMC, a common paper dry strength additive and rheology mod-
ifier, on fibre surface fibrillation was examined using HIM imaging. Both pure
CMC solution (1% consistency) and CMC-treated fibres were investigated. An
aerogel-like structure was also achieved with pure CMC (Figure 20). However,
it had more similarities with other gelatinous polymer materials, like agar,241

than with cellulose fibrils. Both film- and fibril-like structures could be observed
but the material seemed to be denser and more continuous than cellulose fibrils.

The addition of CMC on fibres showed an increase in surface fibrillation. Fi-
bres were surrounded and covered with very thin fibril strands and the film for-
mation was not as clear as with pure CMC. CMC has been shown to increase
fibril dispersion on fibres and CMF solutions.84,242,243 CMC treatment of fibres
has been also shown to increase the water retention value (WRV) and paper
prepared using CMC treated fibres have higher tensile strength than untreated
paper.244,245 Laine et al. (2007)244 concluded that negatively charged CMC on
fibres extend out from the fibre surfaces due to the electrostatic repulsion with
the surface fibrils forming a highly expanded fibril-CMC conformation. This ex-
panded CMC binds water, increasing fibre WRV and increases specific bond
strength between fibres. The high fibrillation of CMC-treated fibre samples ob-
served in our study might be caused by this repulsion between the CMC polymer
and surface fibrils.

Another interesting observation with CMC was its tolerance to the ion beam.
No notable degradation of the pure CMC or CMC-treated fibres was observed,
even at high magnifications. Thus, part of the observed large number of small
fibril strands of CMC-treated fibres compared to untreated fibres may be due to
their superior resistance to the ion beam. Functionalised cellulose-derivates,
like CMC, have been found to show lower degradation under radiation than pure
cellulose.246 The substituent groups are proposed to protect the cellulose chain
from degradation by serving as localisation centres of the excitation energy or
primary radical-ion radiolysis products that are formed during radiation and
the main cause of the opening of the pyranose ring. 246 HIM could provide in-
teresting possibilities for topographical characterisation of derivatised paper
additives in nanoscale.
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Figure 20. HIM images of (a), (b) softwood kraft fibres (pine, SR25) with CMC and (c), (d) CMC
dried with cryopropane with different magnifications. Reproduced with FRC permission (Paper
II).

Answer to question 2:

Based on the visual estimation between CMF and fibre surface fibrils, it was
concluded that these materials could have similar gel-like behaviour in wet
state. This conclusion is supported by observations made with SEM and AFM in
other studies.86,247,248 However, as the surface fibrillation clearly varied on the
fibre surface and the concentration is known to affect the elastic component of
the viscoelastic material, it is assumed that the gel-likeness also varies on the
fibre surface. The gel-likeness of a fibre surface would have an impact on several
matters, including pulp rheology, fibre swelling and shrinkage during drying,
and polymer adsorption on fibres, which again affect interfibre bonding, paper
strength and drainage during paper manufacture.

The softness and conformability of the surface gel increases the molecular
contact area within fibre-fibre contact.249,250 In this study, the surface fibrils
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were shown to extend even several micrometres from the fibre surface. The gel-
ling point of cellulose fibril is also very low.13,95 Thus, a slight surface fibrillation
can already increase the molecular contact area within a fibre-fibre bond and
deliver forces. This could also explain why rather small additions of separately
added cellulose fibrils can notably increase the wet and dry strength of pa-
per.68,251,252 External fibrillation has been proposed to be a key factor in interfi-
bre bonding that can be enhanced through refining.106,253

Increased refining is expected to increase the surface fibrillation and the gel-
likeness of the fibres, as well as the fines content originating from the S1 and S2
layer, which enhances the bonding potential between the fibres.63 Refining is
known to increase the WRV of fibres,254 which could be one indication of in-
creased gel-likeness of fibre surfaces. During water removal, the solid content
of the fibre web increases, the gel-like layer densifies and its elastic modulus
increases. This means stronger fibrillar network interaction and the possibility
to transmit higher forces. To fully utilise the bonding potential of gel-like layers
and achieve good interfibre bonding, the fibre surfaces would need to come into
contact before the densification of the structure.

At those points where the fibre surface is more consolidated, its bonding abil-
ity could be considered to be lower than with fibrillated points. This can explain
the low actual contact area between two flat fibres shown previously with
nanotomography imaging.250 Also, fibres with low fibrillation most likely have
more solid surfaces that cannot really be considered to be gel-like. In the models
descibed by Neuman and Pelton82,83 the fibre surface consists of extending
charged and hydrated polymers chains. It can be that unrefined and more solid
parts of the fibers have this molecular level gel-likeness. However, to really
increase the surface softness, a fibrillation is needed.

The gel-like soft surface, having a high surface area with charged extended
fibrils, affects the adsorption of chemical additives and fillers. It can offer con-
nection points but the negative charge can also cause challenges with additives
of similar charge. Common paper additive CMC was shown to increase fibril
dispersion, but it may also form fibril-like strands on its own, increasing the
contact area of fibres. The effect of CMC on fibril dispersion has also been ob-
served in other studies247 and its increasing effect on paper tensile strength has
been proposed to be due to the formation of a gel-like layer on fibres.244 The gel-
likeness of fibre surfaces was expected to have an increasing effect on the
shrinkage and elongation behaviour of the fibre network. The connection be-
tween fibre surface properties, fibre–fibre interaction and paper elongation was
investigated in Paper III.

5.1.4 Controlling the strenght of fibre webs with fibrillated celluloses

It has been shown before that fibre refining increases paper tensile strenght
and elongation of freely dried paper.255 The increased gel-likeness of fibre
surfaces can have an increasing effect on the tensile properties but also on
shrinkage behaviour of the fibre network. The solid content during wet pressing
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of paper is ~30% and at this stage the mechanical cohesion of the surface gel is
strong, being able to transmit higher forces. Thus, “the adhesion before
shrinkage” forces are high,256 resulting in increased shrinkage during drying. In
the case of restraintly dried paper, this is then seen as a better tensile stiffness
and elastic modulus in paper due to the enhanced fibre segment
activation.57,257,258 In freely dried paper, the fibre shrinkage is transferred to fibre
web shrinkage, increasing the elongation potential of the paper.255,259

   In Paper III, cellulose fibrils (CMF and TCNF) were added to already refined
fibres using wet-end and spray application to enhance the fibre–fibre
interaction through further increased gel-likeness. The effect of increased
interfiber bonding on paper elongation and strength was then evaluated from
water formed sheets. It was clearly seen from the results that the fibre network
shrinkage during drying had the greatest effect on the elongation; the elongation
of freely dried (unrestrained) webs were twice as high as in restrain-dried webs
(Figure 21a). Wet-end additions of CMF and spray application of TCNF
increased the shirnakge and elongation, but the CMF dosage needed to be large
(20%), while the amount of sprayed was 5%.  The highest elongation (8.2%) was
ahieved with wet-end added CMF combined with low wet-pressing pressure.

Unrestrained webs had lower density and strenght than restrained webs,
which is a unfortunate negative correlation between the two.255 The wet-end
addition of gel-like cellulose fibrils increased the fibre web density and tensile
strength and the effect was clearly stronger with TCNF with lower addition
amounts (Figure 21b). However, the effect cellulose fibrils on density was
rather moderate. This means that TCNF was able to increase the actual bond
strenght between fibres and the web tensile strength incrased at a certain
density level without negative effect on web strain. Thus, a higher tensile
strength could be achieved for a low-density material with porous structure by
using a gel-like material. Spray application of cellulose fibrils did not affect the
web strenght, indicating that fibrillated material mainly remained on top of the
sheet and was not able to influence fibre-bonding in the web. Cellulose fibrils
decreased also the air permeability and increased the wet tensile strength, the
wet strain and the drying shrinkage of the fibre web (Paper III).

Answer to the question 3:

The largest effect on web elongation and strenght was achieved by refining
treatment of the fibers. Separate addition of gel-like cellulose fibrils had some
benefits and can be used to control several fibre web properties for both low-,
and high-density structures. The two cellulose fibril types (TCNF and CMF) also
had a clearly different effect on the web properties. TCNF, with a higher charge
and smaller size, was effective in increasing fibre bond strengh at a certain
elongation level and acted like a dry strenght agent.245 TNCF affeced elongation
only when sprayed on top of the web and the shinkage of the TCNF film was
then transmitted to the underlying fibre network. Large amounts of rougher
CMF was needed to actually boost the elongation, while its effect on strenght
remained low.
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Figure 21. (a) Strain at break (%) as a function of web shrinkage (%) and (b) tensile index
(Nm/g) as a function of web density. Green dots = reference sheets without additives, blue dots
= TCNF–reinforced sheets and red dots = CMF–reinforced sheets. Addition amount of cellulose
fibrils was 5% and also 20% for CMF. The confidence intervals of the data is shown in Paper
III. Data modified and reproduced under a CC-BY license (Paper III).
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5.2 Connection between bubble–fibre interaction and structural
properties of the dry fibre materials

5.2.1 Effect of cellulose hydrophobicity and surface tension on bubble
adhesion

   Question 4, concerning the effect of cellulose hydrophobicity on bubble adhe-
sion in the presence of a surfactant, was studied by using the captive bubble
method (Paper IV). The critical surface tension for bubble attachment to silica,
cellulose and CMF model surfaces was determined in anionic SDS and non-ionic
Tween surfactant solutions. Theoretical models were used to compare and ex-
plain the observed results.
   First, the model surface characteristics were determined with AFM and SDS
adsorption on smooth cellulose, and silica model surfaces were studied with
QCMD to be able to assess its effect on the bubble–surface interaction at a later
time. SDS interaction with hydrophilic and hydrophobised silica has been pre-
viously studied in literature, and such silica surfaces were used in this study as
reference materials.

Table 4 shows the main surface properties of the cellulose model surfaces.
Hydrophilic surfaces included smooth cellulose and hydrophilic silica. Hydro-
phobic surfaces included smooth TMSC, smooth hydrophobised silica and
rough, partially regenerated TMSC. The hydrophobicity of TMSC could be al-
tered by varying the regeneration time. During the TMSC regeneration back to
cellulose, spherical aggregates were formed on the surface originating from the
rearrangements of the cellulose structure (Figure 25).222,260 The measured sur-
face energies (γSV) were ca 21 mN/m and 60  mN/m for TMSC and cellulose
surfaces, respectively. Modified silicas had similar surface energies to cellulose
and TMSC (Paper I).

SDS adsorption on the cellulose surfaces was different from that on the silicas,
especially TMSC, which showed drastically different behaviour. In short, SDS
had surprisingly strong adsorption on hydrophobised cellulose, much higher
than what was observed with hydrophobised silica. SDS also adsorbed on hy-
drophilic cellulose to some extent and again, adsorption was higher than on hy-
drophilic silica. SDS adsorption isotherms for cellulose surfaces are shown in
Figure 22.

For hydrophilic cellulose and silica, at concentrations below CMC*, SDS ad-
sorption was very low due to the electrostatic repulsion. Well above CMC*, the
SDS adsorption increased together with dissipation due to screening of the re-
pulsive charges by Na+ counterions. Larger dissipation also indicates that a lot
of water is bound to the structure. In the case of hydrophobised silica, SDS ad-
sorption is driven by the hydrophobic interaction.261 SDS adsorbs as a single
molecular layer at lower concentrations and as micelles when the concentration
increases, seen as an increase in the dissipation.262
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In the case of TMSC, in concentrations below CMC*, SDS monomers showed
co-adsorption with water molecules, seen as a simultaneous increase in fre-
quency and dissipation. The system was also very unstable, and the stabilisation
in the adsorption was not reached within the measurement time. Adsorption
stabilised when the concentration increased close to CMC*. Above CMC*, a sud-
den drop in frequency occurred first, which was followed by a steep increase in
frequency and dissipation. SDS adsorbed first very rapidly but then something
appeared to release from the surface while the dissipation remained high.

It was concluded that even though TMSC is hydrophobic (θD = 93°) and has a
high degree of substitution (2.5), the surface is still heterogeneous, having free
hydroxyl groups on the surface and the tendency to bind water. SDS adsorbs on
TMSC in high amounts and for an unknown reason, it seems that SDS causes
strong co-adsorption of water, causing swelling of the TMSC surface. TMSC
coating can also be sensitive to a high SDS concentration causing surface leach-
ing. In captive bubble studies, the SDS concentration was kept under 7 mM to
avoid this effect.

Figure 22.  AFM images of (a) cellulose and (b) hydrophobic TMSC model surfaces, their
measured water contact angles (θD), and surface roughness variation (Ra). The white dots for
the TMSC image are possibly caused by impurities on the surface. SDS adsorption isotherms
for cellulose and TMSC showing the change in (c,d) frequency and (e,f) dissipation. Data
modified and reproduced under a CC-BY licence (Paper IV).
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In the captive bubble studies, bubbles did not show any interaction with
smooth hydrophilic silica or cellulose in water or SDS solutions. The wetting
film on these hydrophilic surfaces remained stable, and anionic SDS did not
change the film stability. Hydrophilic surfaces are negatively charged in water
and are strongly wetted. Also, bubbles have a negative charge. The electrostatic
repulsion between the surface and the bubble interphase further increased the
stability of the wetting film and no attachment occurred. The hydrophobic do-
mains in cellulose microfibrils are not strong enough to disrupt the wetting film,
and in the presence of SDS, minor domain effects are most likely totally sup-
pressed.263

Conversely, bubbles attached readily on hydrophobic surfaces in water (γ = 72
mN/m), showing contact angles of around 80° for both silica and TMSC (Table
4, Figure 23) with a very fast wetting film rupture (less than 1 s). The bubble
attachment behaviour was greatly affected by the addition of SDS, and TMSC
was especially very sensitive to the presence of anionic surfactant. The increase
in SDS concentration decreased the solution surface tension (γ) and the de-
tected bubble contact angle (θB) and increased the bubble attachment time. The
wetting film between the surface and the bubble became more stable due to the
SDS adsorption on the surface and at the air-liquid interphase. For the lowest
concentrations, in which the bubbles still attached, the time for the film rupture
was very long, close to 1 min. Finally, at a certain critical concentration, the wet-
ting film become fully stable and no rupture occurred.

 With hydrophobised silica, the critical SDS concentration for the wetting film
rupture (and bubble attachment) was 6.9 mM (c.a γ = 40 mN/m). This concen-
tration is close to the threshold level for micelle formation in the solution.261 The
critical surface tension for the wetting film rupture was also the same in the
presence of NaCl , but the SDS concentration was lower due to the electrostatic
screening by the counter ions.264

With TMSC, the wetting film stabilised much faster as the SDS concentration
increased, and at an SDS concentration of 2.4 mM (γ = 50−60 mN/m) no film
rupture occurred. Faster wetting film stabilisation reflected the observed QCMD
results. TMSC was concluded to be chemically heterogeneous having some hy-
drophilic domains that bind water. Still, in water the bubble contact angle was
80°, i.e. the same as with hydrophobised silica. The water layer on TMSC is
probably not very tightly bound and can be easily displaced by the bubble. SDS
showed strong co-adsorption with water in QCMD, which could explain the fast
stabilisation of the wetting film. The swollen and soft SDS micelle/water film
causes larger frictional tension of the moving contact line during bubble attach-
ment, leading to a higher critical surface tension.

The effect of non-ionic Tween 20 surfactant on wetting film stability was in-
vestigated with silica surfaces in concentrations of 0.01–5.3 mM (Paper VI).
The CMC* of Tween 20 is ca 0.06 mM,265 meaning that it has a strong effect on
the surface tension at low amounts. The surface tension of 0.01 mM solution
was 45.5 mN/m, which is close to the critical surface tension for bubble attach-
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ment observed with SDS (γ ≈ 40.0 mN/m). At this concentration, bubble at-
tachment on hydrophobised silica started to scatter. Like with SDS, the surface
tension had a major role in determining the wetting film stability between the
bubble and the hydrophobic surface. Higher surface tension resulted in faster
attachment with higher bubble contact angles. In surface tension below γ ≈ 40.0
mN/m, the wetting films remained stable. There was no attachment in hydro-
philic silica in any of the tested Tween 20 solutions.

Table 4. Model surface characteristics including drop and bubble contact angle (θD and θB), root-
mean-square roughness (RMS), and surface-free energy (γSV) and critical surface tension for
bubble attachment measured in SDS solution (critical γLV). Bubbles did not attach to hydrophilic
surfaces, so no critical γLV is shown.

Surface θD θB RSM (nm) γSV (mN/m)
Critical
γLV

(mN/m)
Hydrophilic silica 5° ± 4° 0° 0.4 64.6

Cellulose 25° ± 5° 0° 1.5 60.2
Hydrophobised silica 100° ± 7° 79°± 2° 3.4 22 40
Hydrophobic TMSC 93°± 1° 79°± 2° 4.4 21.4* 50 – 60

*Value from the literature 222
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Figure 23. (a) Measured bubble contact angle θB (°) as a function of surface tension γ on TMSC
(red diamond) and hydrophobised silica (● and ○) in SDS solution. Bubble contact angle on
hydrophobic surfaces decreased when the surface tension decreased. After a critical surface
tension c.a. 40 mN/m, no bubble attachment occurred θB = 0°. Similar correlation with the bubble
contact angle and surface tension was also observed with non-ionic Tween 20 surfactant (Pa-
per VI). (b) Contact angles of TMSC and partially regenerated TMSC measured with the sessile
drop (θD) and the captive bubble (θB). The effect of the regeneration process is described from
left to right, showing an increase of hydrophobic content can decrease the bubble contact angle.
At θD 65° the bubbles no longer formed a clear three-phase contact line, but some adhesion
was observed during needle withdrawal. Large contact angle hysteresis was seen between the
drop (advancing) and the bubble (receding) contact angles. Data modified and reproduced un-
der a CC-BY licence (Paper IV).

Partial regeneration of TMSC back to cellulose was used to determine the critical
hydrophobicity for bubble attachment. The water contact angles (θD) of pure
TMSC and pure cellulose were 93° and 35°, respectively. Partially regenerated
surfaces had a hydrophobicity of between pure TMSC and cellulose: 85°, 75°,
65°, 60°, 50°.
   In water, no clear bubble attachment occurred when cellulose hydrophobicity
was 50°–65° (Figure 24). However, a slight bubble elongation was observed
during the retraction of the needle. Thus, the wetting film was not fully stable
and bubbles were able to displace the water and adhere to the surface. In the
SDS solution (1 mM,) bubbles had a strict critical hydrophobicity for the bubble
attachment at θD of 65°. Below θD = 65°, no elongation or attachment occurred,
meaning that the wetting film was fully stable. This means that due to the wet-
ting film stabilisation by surfactants, the possible slight attraction between a
surface and a bubble can easily vanish with the addition of surfactant.
   The contact angle hysteresis of the modified cellulose surfaces was measured
to be rather large (Figure 24). For pure TMSC in water the hysteresis was 8°,
implying that there was some heterogeneity in the material. However, the hys-
teresis increased to almost 40° for partially regenerated surfaces, meaning that
there were large differences in the surface chemistry and structure. This was
also shown in the AMF images of partially regenerated surfaces with clearly the
highest roughness (Figure 25).
   The pinning of the three-phase contact line166,266,267 was proposed to explain
the rather large contact angle hysteresis of the partially regenerated TMSC sur-
faces. The partial regeneration of TMSC creates hydrophilic microscopic do-
mains on the hydrophobic surface as the cellulose OH groups are revealed.
Chemical heterogeneity then causes pinning of the frictional tension during the
bubble attachment, affecting the measured bubble contact angle (Figure 25).

Theoretical considerations in wetting transition

A modified Young’s equation (Equation 8) was used to estimate the energy
changes of hydrophobic surfaces in surfactant solutions166,267,268 (Papers IV
and VI). An additional average friction term, γSV, was added to the left side of
the Young-Laplace equation. The additional γSV describes the frictional tension
arising from the movement of the three-phase contact line along the solid sur-
face during the bubble attachment.
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2𝛾𝑆𝑉 = 𝛾𝑆𝐿 + 𝛾𝐿𝑉 cos 𝜃𝐵 (8)

where γSV is the free surface energy of the hydrophobic surface, γSL is the solid-
liquid surface energy, γLV is the liquid surface tension, and θB is the bubble con-
tact angle.

The effective solid-liquid surface energy (γSL) was calculated by using the ex-
perimental values for γSV, γLV, and θB. In water, the calculated effective γSL of the
hydrophobised silica was c.a 30 mN/m and the addition of surfactant decreased
the value. Close to the wetting transition, the effective γSL approached the solid-
vapour surface energy (c.a. 20 mN/m). Both surfactants (SDS and Tween 20)
showed a similar trend with this theoretical estimation, which indicated that
bubble attachment on a solid hydrophobic surface was mainly controlled by sur-
face and interface energies.

Figure 24. Estimation of the solid-liquid surface energy (γSL) as function of liquid surface ten-
sions (γLV) of hydrophobised silica using eq 7. Close to the wetting transition (γLV ≈ 40 mN/m),
γSL approached the measured surface-free energy γSV of 22.0 mN/m (the horizontal dashed
line) and bubble attachment behaviour scattered. This was show for both SDS (black and white
circles) and Tween 20 solutions (yellow diamonds). Data reproduced under a CC-BY licence
(Paper VI).

   The theoretical calculations of the effective γSL of hydrophobic TMSC in wa-
ter was similar to hydrophobised silica. However, TMSC was exceptionally sen-
sitive to SDS addition, having a much lower wetting transition concentration
than silica. Similarly to partially regenerated TMSC, it is proposed that the dif-
ferences between silica and TMSC were caused by the strong adsorption of SDS
on TMSC that created chemically heterogeneous pinning sites for the three-
phase contact line (Figure 25). The pinning sites have an effect on the frictional
tension of the three-phase contact line during the bubble attachment and can
be described by Equation 9, where the additional average friction term comes
from another solid type in the material.166,266,267

𝛾𝑆𝑉,1 + 𝛾𝑆𝑉,2 = 𝛾𝑆𝐿,1 + 𝛾𝐿𝑉 cos 𝜃𝐵 (9)
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where γSV,i is the surface-free energy of the solid of type i, γSL,i is the respective
solid-liquid surface energy, γLV is the liquid surface tension, and θr corresponds
to the receding contact angle (i.e. θB).

Equation 7 was able to predict the achievable bubble contact angles on het-
erogeneous TMSC surfaces in water and SDS solutions rather well when other
parameters were known. The theoretical calculations for the wetting transition
could be used to predict the bubble–solid interaction in surfactant solutions. In
the context of fibre foams, the hydrophilic fibres are strongly wetted both in
pure water and in surfactant solutions and bubble interaction can be assumed
to be negligible. However, with hydrophobic fibres the surfactant concentration
can be assumed to have a great effect on the wetting transition. In practice, the
used surfactant concentration in foam forming of fibre materials using hydro-
phobic fibres can have an effect on the foam behaviour during forming and foam
coarsening and collapse during material drainage and drying.

Figure 25.  (a) AFM image of partially regenerated TMSC (PR–TMSC) and the measured water
contact anglea (θD), and surface roughness variation (Ra) (b) Pinning of the three–phase
contact line on a hydrophobic (1) surface with hydrophilic (2) microscopic domains (such as the
partially regenerated TMSC). Image modified and reproduced under a CC-BY license (Paper
IV).

Answer to research question 4:
Both the cellulose hydrophobicity and surface tension influenced bubble adhe-
sion for cellulose. In water, bubbles did not show any interaction with pure cel-
lulose. In other words, the hydrophobic content in amphiphilic cellulose was not
high enough to destabilise the wetting film. However, a slight increase in the
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cellulose hydrophobic content destabilised the wetting film and resulted in bub-
ble adhesion. However, a decrease in the surface tension (by the addition of sur-
factant) led to a better wetting film stability and to a decay in the bubble attach-
ment probability and the observed bubble contact angle. Thus, a possible slight
attraction between a surface and a bubble can easily be cancelled out with the
addition of surfactant. Critical cellulose hydrophobicity for bubble attachment
was measured to be ca 65° and critical surface tension ≈40 mN/m for both SDS
and Tween 20.

5.2.2 Effect of roughness and fibre type on the bubble–fibre interaction

After smooth cellulose, CMF model surfaces were investigated to see how the
change in the surface roughness affects bubble adhesion behaviour. Figure 26
shows that CMF had higher roughness and fibrillar structure. Based on our ob-
servations in Paper II, a CMF surface could be assumed to be soft and gel-like
in water.

   Bubble adhesion on CMF was studied in water, in electrolyte solution, in SDS
and Tween 20 solutions, and also in degassed water. Bubbles showed no clear
attachment to CMF in any of the mentioned solutions. However, in water, bub-
bles had a slight elongation before detachment similarly, but not as strongly as
was observed with partially regenerated cellulose surfaces. However, the level
of elongation did vary and was in some cases difficult to measure in detail. Elec-
trolytes increased bubble elongation most likely due to the screening of repul-
sive charges. However, there was large variation in elongation length.

A small elongation of the bubble was also observed in SDS solutions (1.0 and
2.4 mM, γ ≈63 and ≈51 mN/m, respectively) similarly as in water, and electro-
lytes did not affect the elongation even though the surface tension notably de-
creased. With hydrophobised silica and TMSC, these SDS concentrations had a
clear effect on bubble behaviour. SDS also adsorbs in small amounts on the CMF
surface162 in a similar manner as on smooth cellulose (Paper IV). Thus, it was
unexpected than SDS had no effect on bubble elongation with CMF.

 Interestingly, in Tween 20 solution, there was a small increase in bubble elon-
gation even though the solution concentration was as high as 5.3 mM (γ ≈36
mN/m, clearly above the CMC*). With hydrophobised silica, no bubble adhe-
sion was observed at this concentration. Quennouz et al. (2016) observed that
non-ionic surfactants with ethoxylated headgroups increased the gel modulus
of CNF suspensions and suggested that this is due to surfactant micelle bridging
with cellulose fibrils.269 This bridging effect could explain the slight increase in
the bubble elongation in the Tween 20 solution.
   As shown in the previous chapter, bubbles had no interaction with the smooth
cellulose surface in water or in electrolyte solution. The hydrophobic content in
amphiphilic cellulose was not strong enough to cause any adhesion. It seemed
that the morphological difference between smooth cellulose and CMF would in-
deed influence bubble behaviour. The negligible effect of SDS raised the ques-
tion of whether the bubble elongation effect would be a consequence of the soft
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and flexible nature of CMF. As it is not the pure cellulose that attracts the bub-
ble, the attraction could come from the entrapped air on the surface.174,177,209 The
gel-like CMF layer could have air inside the fibril network, and during the bub-
ble withdrawal this air would cause a bridge between the surface and the bubble,
leading to bubble elongation.
   To show the influence of entrapped air on bubble elongation, both the CMF
surfaces and test solutions (water with and without electrolytes) were degassed
under vacuum. The bubble elongation almost totally vanished in water and no-
tably decreased in electrolyte solution. This suggested that entrapped air in the
CMF could be the cause of the slight attraction between the air bubble and the
surface. Entrapment of air in the surface pores or in the gel-like fibril layer could
prolong the lifetime of the nanobubbles. The air was probably unevenly distrib-
uted in CMF, which could have explained the large variation in the bubble elon-
gations. Due to the heterogeneity of CNF surfaces, determination of exact values
for the bubble elongation is challenging but general trends can be clearly seen
form the data.

Figure 26.  (a) Images of bubble elongation on CMF during needle withdrawal in different solu-
tions (b) (b) AFM image of CMF showing surface roughness and hydrophobicity. (c) Changes
in the bubble elongation on CMF caused by electrolytes, surfactants and system degassing.
The average values with their confidence level intervals (95%) are shown. Due to the heteroge-
neity of CNF surfaces, determination of exact values for the bubble elongation is challenging
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but general trends can be clearly seen form the data. Data reproduced with FRC permission
(Paper V).

Bubble-fibre interaction: Fibre bed study on the effect of fibre chemistry
and morphology

After the studies with model surfaces, the complexity of the system was in-
creased and the effects of fibre chemistry and morphology on the actual bubble–
fibre interaction were studied with the fibre bed method. The bubble interaction
was investigated with four different fibre types: bleached and mildly refined
pine (softwood) and birch (hardwood) kraft, CTMP and viscose. SEM images of
CPD-dried fibres with different surface morphologies are shown in Figure 27.
With pine fibres, SEM showed a similar loose and fibrillated fibre surface to
HIM (Figure 18), but the fibre appearance was more frozen and less fluffy with
SEM. The finest structural details observed with HIM were not visible with
SEM. This is most probably due to the metal coating performed on the samples
prior to SEM imaging, which collapsed the finer structures and covered some
details of the surface.114 The birch fibre surface showed similar fibrillated and
more compacted parts to softwood. CTMP fibres were stick-like and no similar
fine fibrillation was seen as with softwood and birch. Finer structures were more
ribbon-like, stiffer and larger in size. CTMP surfaces were also smoother than
softwood without a clear fibril structure and chipped with clear cracks. Viscose
fibres were the thinnest of the fibres with the smoothest surface. However, there
was some irregularity and flaking. Viscose is also an almost fully straight fibre,
and there are no fines or fibrillation. Lobed cross sections and deep grooves
along the fibre length come from the fibre spinning process and are typical of
viscose fibres (Table 1).270

In Paper II we concluded that refined fibre surfaces can be gel-like in a wet
state and the CMF model surface studies showed that the soft and gel-like na-
ture could entrap nanobubbles and contribute to the bubble–CMF interaction
(Paper V). Thus, we expected that refined pine and birch with a fibrillated sur-
face would show some adhesion to the bubble, which could be reduced by re-
moving the air from the system. CTMP again has a greater solid surface area but
also higher hydrophobic content due to lignin. As a small increase in the cellu-
lose hydrophobicity was able to trigger bubble adhesion in the model surface
studies (Paper IV), CTMP was also expected to show some adhesion that was
not so sensitive to air removal. However, viscose with a smooth and solid surface
consisting entirely of cellulose was assumed not to show any interaction.

The results with natural wood fibres were generally in line with the assump-
tions; the attachment probabilities were CTMP 43% > birch 27% > pine 14%
(Figure 27b). In addition to lignin, the fibre shape could affect the seen results.
Longer and more curly pine had the lowest attachment as it is more entangled
in the fibre bed and thus more difficult to remove, while CTMP is straighter and
shorter (Figure 27a). The addition of SDS (2.1 mM) decreased the attachment
probability significantly. The weak interaction between a bubble and a fibre
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could be suppressed with the adsorption of SDS and with a decrease in the sur-
face tension.

Removal of air caused a similar effect to SDS with pine and birch: a notable
decrease in the attachment probability suggested that the entrapped air on the
fibres could be responsible for the bubble–fibre interaction. The effect of the
fibre bed was also considered. Air removal can cause the densification of the
fibre bed, making the removal of curly fibres even more difficult. With CTMP,
the attachment probability increased with degassing. This shows that CTMP–
bubble interaction is mainly caused by the hydrophobic interaction between the
bubble and the fibre. However, the actual increase in attachment due to degas-
sing can be caused by the decreased fibre–fibre interaction in the fibre bed as
surface air is removed (Figure 27c).

Unlike natural wood fibres, viscose made an exception to the first assump-
tions. Surprisingly, viscose fibre (1 mm in length) had the highest attachment
probability of 50%, which was further increased by the shorter fibres (0.35 mm,
80%). Bubble interaction time (long vs. short) with the fibre bed was varied and
similar results were obtained. It was concluded earlier that the amphiphilicity
of cellulose does not cause a noticeable bubble–cellulose interaction and that
there is no gel-like layer on a viscose fibre that could entrap air. In addition,
degassing increased the attachment probability of viscose fibre, indicating that
it is not the surface air that is interacting with the bubble. The bubble–viscose
interaction was also shown to be very sensitive to SDS addition at low concen-
trations (0.35 mM) (Paper IV).

A textile fibre can contain some surface treatment (spin finish) to ease up fibre
separation during pulping and forming. Thus, viscose fibres were washed with
ethanol and water and measured with the fibre. The washing treatment did de-
crease the attachment probability to ≈30%. This indicated that there is some
extra chemistry on a viscose fibre that can partly explain the high attachment
probability but not all of it.

It is possible that there is a very small attraction force between amphiphilic
cellulose and an air bubble, but it cannot be detected with the captive bubble
method. In the fibre bed, the size ratio between the bubble and the fibre is dif-
ferent from in the captive bubble (Figure 14). The bubble is much larger than
the fibre in the fibre bed, and possibly even a small attraction between a light
viscose fibre and a large bubble will result in a fibre attachment, especially when
the fibre entanglement in the fibre bed is low.

The actual force between bubbles and cellulose in liquid environment or the
actual air content of a fibre could not be measured with the fibre bed method.
The applied degassing method was an indirect way to get information on how
the air in the system affects the bubble-fibre interaction. The level of the effect
of degassing varied clearly between the fibre types but it is challenging to draw
conclusions on how much there was entrapped air exactly due to the morpho-
logical differences and the effect of fibre bed. However, the surfaces of kraft pulp
fibres (pine and birch) are rougher and softer (gel-like) than with CTMP and
could hold more air. CTMP, on the other hand, contains more lignin that attracts
air bubbles. Viscose, with smooth hydrophilic surface without any fibrillation,
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is expected to contain the least amount of air among all fibre types. Also, the
effect of degassing on the bubble-viscose interaction was the smallest. To really
get reliable information on the air amount, a more accurate measurement
method would be needed.

The interaction forces of bubble–silica systems have been studied in depth
with AFM. Even though silica has very homogeneous chemistry and structure,
the bubble–silica interaction still seems to be rather inconsistent. The interac-
tion is expected to be repulsive, as has been show in literature.271,272 However,
small attraction force has been also detected,273,274 and actual bubble jumping to
the silica surface has even been seen.275,276 Similar observations have been made
with mica surfaces. A long-range electrostatic repulsion was detected when a
bubble approached the mica surface, but when the bubble was pressed against
the surface, a small adhesive force was measured even when a wetting film re-
mained in between.277 The situation could also be similar for the bubble–cellu-
lose interaction so that a strong electrostatic repulsion needs to be overcome
before a weak adhesion at very short distances could become visible.
   Freely floating fibres around a bubble were observed in the fibre bed. It was
seen that fibres tend to slide along the bubble surface but no attachment oc-
curred. In fibre foams, the size difference between a fibre and a microbubble is
not as large as in the fibre bed. In foam forming the conditions are dynamic.
During the forming phase, bubbles and fibres are under a high shear flow, and
during drying, the foam is drained and collapses. Thus, the small adhesion be-
tween the bubbles and the fibres may be too small to keep fibres attached to
bubbles for extended periods, especially in the presence of surfactant.
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Figure 27. (a) SEM images of different firbe types with different surface morphologies (fibres
dried with CPF for SEM imaging) (b) Fibre attachment probability on macrobubbles in different
environments after 10 min stabilisation and 100 s pressing time. (c) Bubble–fibre interaction
mechanisms and the proposed effect of degassing on a fibre bed. Data reproduced with FRC
permission (Paper V).

Answer to research question 5:
   Contrary to a smooth cellulose surface, a rough CMF surface led to a small

elongation of the bubble when moving it away from the surface. This adhesion
was not affected by the addition of anionic SDS and was actually increased with
non-ionic Tween 20. It was suggested that ethoxylated headgroups of Tween 20
caused surfactant micelle bridging with the cellulose fibrils. Degassing clearly
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decreased the bubble adhesion to the surface, which suggested that entrapped
air in the gel-like CMF contributed to the adhesive interaction.

All fibre types showed adhesion to a large microbubble in water, but this effect
was almost totally cancelled out with sufficient SDS concentration. Among nat-
ural fibres, CTMP with the highest hydrophobic content and stiff and straight
shape had the highest attachment probability. Pine and birch also showed ad-
hesion to a bubble that disappeared with degassing of the system, which indi-
cated that trapped air on fibre surfaces contributed to the interaction strength.
Smooth and straight viscose fibres also adhered to the bubble, even after wash-
ing treatment and air removal. Thus, it appears that amphiphilic cellulose at-
tracts air bubbles but the interaction is very small.

5.2.3 Fibre-foam behaviour and dry fibre material properties

The effect of fibre hydrophobicity and surfactant type on the fibre foam be-
haviour and the final material properties were studied by using hydrophilic and
hydrophobised viscose fibres and anionic SDS and non-ionic Tween 20 surfac-
tants. Viscose fibres were used to ensure the chemical and morphological ho-
mogeneity of the fibres. The surfactant concentrations were chosen based on
previous knowledge so that 65% air content could be reached within 10 min of
mixing.135 CMF was also added to the foams (5% per fibre amount and 0.17% in
the liquid phase), as in actual structure preparation a strength additive is man-
datory due to the poor bonding ability of viscose fibres. Both the fibre foam and
dry material properties were investigated.

Light microscopy imaging of fibre foams, made with hydrophobised (θD 100°)
and hydrophilic (θD 25°) viscose fibres in SDS solution (2.1 mM, ≈52 mN/m),
showed slight bubble deformation close to hydrophobised viscose. No bubble
deformation was observed with hydrophilic viscose, which was expected based
on the fibre bed studies (Figure 28 a,b).

In the fibre bed studies, CTMP had some adhesion to the microbubble at equal
SDS concentration (2.1 mM). In the captive bubble studies, the hydrophobised
cellulose (TMSC) was shown to be very sensitive to SDS, unlike hydrophobic
silica that had a much lower critical surface tension for the bubble attachment.
The hydrophobic moiety on viscose is not TMS but probably a fatty acid. As al-
ready shown with TMSC and silica, there are differences in terms of how water
molecules and surfactants interact with hydrophobic surfaces depending on
their chemistry. Thus, SDS adsorption behaviour on hydrophobised viscose
probably differs from TMSC. That could explain why some very slight adhesion
of bubbles could be seen with hydrophobised viscose in contrast to TMSC.
   In Tween 20 solution (5.3 mM, γ ≈36 mN/m), no bubble deformation was ob-
served with either of the fibre types. The low surface tension of the Tween 20
solution ensures that the wetting film between a bubble and fibres is also stable
with the hydrophobised viscose, as shown in the model surface studies. How-
ever, surfactants (SDS and Tween 20) have been shown to stabilise CNF sus-
pensions and increase their elastic modulus.162,269 The stabilising effect of non-
ionic surfactant has been suggested to be caused by hydrogen bridges between
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surfactant via ethoxylated headgroups and cellulose fibrils.269 Indications of this
kind of interaction were observed in the captive bubble studies with CMF sur-
faces when the bubbles showed increased elongation during retraction in the
presence of Tween 20 surfactant (Paper V). With a light microscope, fibril–
micelle interaction cannot be observed, but Figure 28c illustrates the possible
interaction mechanism. In the case of hydrophobised fibre, the adsorbed sur-
factant molecules would be the main source for hydrogen bonding on the fibre.
Thus, in addition to the increase in the liquid viscosity and elastic modulus, the
cellulose-Tween 20 system can cause a stronger interaction between bubbles
and fibres.

   The bubble size analysis showed generally smaller mean bubble size for
Tween 20 (Figure 28 d,e), which was due to the higher addition amount and
the higher surface tension.142 The mean bubble size was also slightly smaller for
the hydrophilic viscose with both surfactants. In general, the bubble size was
under 50 μm for both surfactants and fibre types, but there is another peak
around 80 μm with hydrophobised viscose. The second peak grew during coars-
ening, which suggested that hydrophobised fibres can initially speed up bubble
coarsening and make it visible just 30 s after mixing. A higher amount of surface
air on the hydrophobised fibre could be a possible explanation.

During foam coarsening, the bubble size distribution changed slightly more
with the hydrophilic viscose for both surfactants than with the hydrophobic one.
Thus, hydrophobised fibres slowed down the gas diffusion between bubbles,
which could be caused by a similar shielding effect seen in Pickering foams with
hydrophobic micro- and nanoparticles.278



Results and discussion

68

Figure 28. Light microscopy images of bubbles on (a) hydrophilic (i-fibre) and (b) hydro-
phobised (o-fibre) viscose fibres in a solution with 2.1mM of SDS. (c) Schematic illustration of a
bubble in CMF-Tween 20-hydrophobised viscose environment and the possible interaction
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mechanisms. Surfactant adsorbs on an air-liquid interphase and on a hydrophobic surface. The
ethoxylated hydrophilic headgroups of the Tween 20 micelles associate with each other and
with the CMF, affecting the liquid phase viscosity and foam behaviour. (d,e) Bubble size distri-
bution of (d) SDS and (e) Tween 20 foams measured within 30 s after mixing and after 10 min
of foam coarsening. The bubble radius refers to the Sauter mean radius r[3,2], describing the
average volume over the surface area ratio of bubbles. Data reproduced under a CC-BY licence
(Paper VI).

Foam-formed materials: Effect of bubble−fibre interaction on the
structural and mechanical properties of fibre networks

   The main orientational differences in the fibre alignment were seen in the x-
y plane. In general, SDS samples (2-i-S and 4-i-T) were highly oriented while
Tween 20 (3-o-T and 4-i-T) samples had clearly lower orientation (Figure
29a). The high orientation of SDS samples was most likely due to the repulsive
interactions in the system that orientate the fibres strongly in the foam flow di-
rection at a high shear flow. The lower fibre orientation of Tween 20 samples
could be caused by the higher liquid phase viscosity that hinders the bubble and
fibre movements in the foam. Also, the Tween 20 samples had less fibre bun-
dling and formation of micro-scale walls (or micro-scale networks) inside the
structure than SDS samples, which means that fibre dispersion was better, most
likely due to surfactant adsorption on fibres and the high surface tension. Meas-
ured surfactant residues in Tween samples (15 g/g) were indeed higher than in
SDS samples (3 g/g). However, there were no large differences in the surfactant
residues between the fibre types. This could indicate that either the adsorbed
surfactant is easily removed from the hydrophobised fibre during drainage, or
the surfactant adsorption is irreversible and cannot be detected with the current
method.

   The sample made with hydrophilic viscose and SDS (2-i-S) was the lowest in
density (before pressing) and had the highest structural orientation. The sample
made with hydrophobised viscose and SDS (1-o-S) was the highest in density
and had a slightly lower fibre orientation than 2-i-S. The lower fibre orientation
with 1-o-S could indicate that the slight adhesion of bubbles on the fibre surface
has been able to distract the fibre movement with the foam flow. Thus, the larger
collapse of the structure could be caused by the stronger adhesion of bubbles to
the fibres. In the mean solid segment lengths analysis, the formation of ex-
tended fibre bundles was seen in sample 1-o-S, which could be formed during
foam coarsening and collapse when bubbles have dragged and pushed the fibres
into the micro-scale walls surrounding large pores (Figure 29b).

The structures made with hydrophobised viscose and Tween 20 (3-o-T) had
exceptionally low x‒y fibre orientation and the smallest mean solid segment
length in the thickness direction. The layered fibre network was responsible for
the planar fracture surfaces in the z-directional tensile test. The sample made
with a 50:50 mixture of hydrophobised and hydrophilic viscose fibres and
Tween 20 (5-oi-T) had a similar low fibre orientation to 3-o-T. However, the
other properties, the mean solid segment lengths and density, were closer to
those of 4-i-T.
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Figure 29. (a) Fibre orientation in the x−y plane. The x-direction (angle 0°) corresponds to the
foam flow direction during forming. (b) X-ray images of the samples visualised using Voreen
software. The black images show a slice of the structure in the x-direction. The blow-up shows
the formation of a micro-scale wall in the sample 1-o-S. Similar structures are absent in the
sample 3-o-T. (c) Z-directional tensile strength of the samples with images of the structures
during the measurement before break. The structural differences affect the observed fracture
surfaces. (d) Z-directional strength as a function of the fibre orientation in the x-direction. The
strength is low for the layered sample 3-o-T. Data reproduced under a CC-BY licence (Paper
VI).

   The fibre orientation and the formation of micro-scale open walls had clear
correlation to the z-directional tensile strength and compression modulus of the
samples (Figure 29c). SDS samples with high fibre orientation and larger
mean solid segment lengths had lower z-strength than Tween 20 samples. This
could be explained by the weaker bonding in the case of SDS surfactant. For
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both surfactants, an increase in z-strength was seen with increasing mean solid
segment length.
   The compression modulus in the thickness direction (z-direction) did not sig-
nificantly differ between the samples. However, there were clear differences in
the x-directional compression, and a correlation with the fibre orientation was
observed, with the exception of the sample 1-o-S. Sample 1-o-S had larger voids
in the structure than the other structures. The high fibre orientation in combi-
nation with large voids seemed to weaken the structure notably against com-
pression.

Answer to question 6:
The achieved bubble size was generally smaller with the non-ionic Tween 20
than with anionic SDS, due to the lower surface tension. The bubble size distri-
bution was wider, and the foam was slightly more stable for the hydrophobised
viscose with both surfactants, which was possibly due to entrapped surface air
and the shielding effect of hydrophobised fibres.

The z-strength and compression modulus of the fibre structures were largely
defined by the fibre orientation and distribution, which were again defined by
the foam behaviour and interactions between bubbles, fibres and the liquid
phase. The strength of the bubble−fibre interaction affected the movement of
fibres during forming.

The repulsion between the hydrophilic viscose and bubbles in SDS let the fi-
bres be oriented with a foam flow. High fibre orientation decreased the z-direc-
tional strength but increased x-directional compression resistance. A slight ad-
hesion of bubbles on hydrophobised viscose distracted the orientation slightly,
but not as much as was observed with non-ionic Tween 20. Cellulose−Tween 20
interaction increased the liquid phase viscosity and hindered the fibre move-
ment during the forming process, causing more uniform fibre orientation. Uni-
form fibre orientation increased z-strength but decreased x-directional com-
pression.

Hydrophobised fibre with both SDS and Tween 20 showed some exceptions
to the general trends in the strength measurements. This seemed to be much
related to the appearance (1-o-S) or lack (3-o-T) of micro-scale walls in the
structure that we analysed by the determining the mean solid segment lengths
inside the structure.
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6. Concluding remarks

The aim of the thesis was to reveal the role of surface forces, fibre surface prop-
erties and bubble–cellulose interaction in preparation of water and foam-
formed cellulose fibre structures. The main findings are summarised as follows:

(i) Cellulose fibre surfaces are gel-like and comparable to cellu-
lose fibril materials (like CMF) shown by helium microscopy imaging
and the proven fact that cellulose fibrils exhibit gel-like behaviour at
low solids. Open fibril structure was achieved with gentle drying of
CMF and fibres with CPD or freeze-drying. Controlling the preven-
tion of the action of surface tension forces is essential for preventing
the collapse/coalescence of fibrils during drying. The surfaces of me-
chanical and man-made fibres with low surface fibrillation most
likely have more solid structure and cannot really be considered to
be gel-like.
   External fibrillation varied on the refined fibre surfaces, meaning
that the gel-like nature varied correspondingly. The elastic compo-
nent of CMF, and presumably fibrillated fibre surfaces, increase with
increasing dry solids content. During web consolidation by drainage
and drying the gel-like fibre surfaces inter-diffuse, affecting fibre ad-
hesion, force transmittance and shrinkage of the formed web at low
dry solids content. Gel-like material, whether still attached onto the
fibre surface or added separately, offers the possibility to engineer
sheet structures with lower density and more open structure, and to
control several other properties.

(ii) An air bubble adheres to a hydrophobic domain on the cel-
lulose fibre surface. Natural fibres with different chemical and
morphological properties all showed adhesion to macrobubbles.
Smooth fibre morphology and lignin increased the attachment prob-
ability. Similarly, on model surfaces, the presence of surfactants de-
crease the interaction.
   The pure repulsion between cellulose and bubbles in the captive
bubble studies and the slight adhesion between a cellulose fibre and
a macrobubble in the fibre bed could be explained by the size differ-
ence of the systems. The interaction between cellulose fibres and
bubbles arises from the hydrophobic areas (cellulose amphiphilicity
and lignin) and entrapped nanobubbles on fibre surfaces. The long
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lifetime of the surface nanobubbles may be explained by the pres-
ence of gel-like layers of hydrated fibrils in the wet state (Paper II).
Also, the interaction is very sensitive to the surface tension, and even
a small addition of surfactant can turn the attraction into repulsion.

(i) The bubble–fibre interactions influence the fibre-foam be-
haviour during forming and drainage, and thus the structure and
strength on the final dry material. In preparation of foam-formed fi-
bre networks, a weak or repulsive bubble–fibre interaction in ani-
onic SDS foams led to a separation of fibres and bubbles during
forming, causing highly oriented structures with low out-of-plane
strength. Bubble–fibre interaction increased with non-ionic Tween,
despite the low surface tension of the system. The molecular bridg-
ing of surfactant ethoxylated headgroups with cellulose influenced
the foam−fibre interaction. It is suggested that the stronger interac-
tion increased the viscosity of the system seen as a more distributed
fibre network with higher z-tensile strength. Viscose fibre showed
some differences to the general trends with both SDS and Tween.
This was attributed to stronger bubble–fibre interaction, which in-
creased the distribution of fibres and caused the formation of micro-
scale fibre walls inside the structure.

Application of the results and open questions

The results show that bubble–fibre interaction can be affected not only by fi-
bre hydrophobicity but also by molecular additives. In addition to better fibre
distribution, a strong interaction could be used to induce the formation of mi-
cro-scaled fibre walls inside the structure independently of the fibre orientation.
However, control over the pore size and fibre orientation through foam still
needs a lot of further work. In this thesis, only relatively long (5 mm) textile
fibres were tested with two different surfactant types. The effect of hydrogen
bonding and fibril entanglement on foam behaviour, fibre orientation and fibre
network properties would need to be investigated with a wider set of natural
fibres, cellulose fibrils and different surfactant types. The assumptions of hy-
drogen bridging between cellulose and ethoxylated surfactants in particular
could be investigated in more detail with surface analytical methods and rheo-
logical measurements. In addition to foam forming, other application where cel-
lulose – surfactant interaction is of interest is froth flotation. With suitable se-
lection of surfactant and its high enough dosage, a possible entrapment of cel-
lulose fibres could be decreased. Cellulose fibrils (CNF) are also used as a de-
pressant and lubricant in flotation applications and the interactions between
surfactants and mineral particles are crucial for efficient recovery. Also, Tte
presence of nanobubbles was only indirectly proven. A task, which is more easily
given than conducted, would be a direct observation of nanobubbles, for exam-
ple with AFM.
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   The structures prepared in this work had high basis weight (1300 g/m2), and
forming consistency was 3%. It would also be worth considering low density
materials with a much lower basis weight, formed at varied consistency to get
more information on the applicability of the results in different process condi-
tions and for varied material types. For example, the tailoring of fibre distribu-
tion and orientation and strength seems to be possible but not yet under full
control. A fibre network with tailored orientation and pore structure could be
used, for example, to modify the air or liquid flow inside the material, which
would provide interesting possibilities for filtration and absorption applica-
tions. Regarding packaging or other cushioning materials, in which the material
strength is highly important, the fibre orientation could be used to optimize the
desired strength.
   The desired material performance needs to be in balance with energy and
other costs of the industrial process. The foam rheology determines the needs
for process machinery and affects the foam removal and drying efficiency. Rhe-
ology of the fibre-foams depends on the fibre consistency and foam air content,
but could be further affected by additives (such as fibrillated celluloses and
other gel-like materials) and surfactants, taking advantage on the force trans-
mittance properties of gel-like materials and additional chemical interactions
between cellulose and additives.

In conclusion, the findings of the thesis are important for developing the in-
dustrial foam forming process to produce lightweight fibre materials in addition
to revealing the fundamentals of the bubble-fibre interaction.
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